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INTRODUCTION

This report describes the results of the project for
"Evaluation of the First-Generation UTCS/BPS Control Strat- .

egy." This project is the first part of an overall effort
to identify and quantify the effects of the three strategies
for traffic control currently being developed for the Urban
Traffic Control System/Bus Priority System (UTCS/BPS) in Wash-
ington, D. C. The overall UTCS project is a major research
program of the U. S. Department of Transportation, Federal
Highway Administration. The program has the purpose of im-
proving network traffic control techniques.

The objective of this first work effort is to measure
and compare the effects of the alternatives of the first-
generation traffic control strategy and the District of
Columbia's three-dial timing patterns which were implemented
in the UTCS area. The UTCS area, located as shown on Fig-
ure 1, includes a portion of the central business section
and two primary arterials within the District of Columbia.

BACKGROUND

As noted, the Urban Traffic Control System (UTCS) pro-
ject focuses on the development and testing of alternative
strategies for network traffic control. The primary tool
for implementing the strategies is a real-time computer-
based traffic signal control system. Additionally, a
second, complementary component is provided as a Bus Priority
System (BPS) . This second component has the design goal
of developing and assessing the benefit of techniques to
reduce delays to transit users by providing buses with
preferential treatment at signalized intersections. The
BPS component is being conducted as a cooperative effort of
the Federal Highway Administration and the Urban Mass
Transportation Administration.

UTCS/BPS Program

The UTCS/BPS program includes several software devel-
opment and evaluation phases. The program also includes
elements of software support activities which are intended
to enhance the transferability of the developed control
strategies. Given the fact that the software must be
implemented on an operating system, certain hardware acti-
vities have also been included in the UTCS/BPS program.
Although these activities are significant in themselves,
they are not critical in the evaluation of the strategies
for traffic control. When hardware elements are described
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in this report, they are noted for information only and not
as aspects of the software strategy.

The strategy development efforts have been defined in
three "generations." The generations become increasingly
sophisticated in concept from the first through the third.
Table 1 summarizes the important features of the three
strategies.

First-Generation UTCS/BPS Alternatives

Within each of the three generations, or strategies,
alternatives for application may be considered. As noted,
this report includes the alternatives for the first-genera-
tion control strategy as well as the three-dial timing
patterns of the District of Columbia. For convenience of
description, the three-dial timing pattern was considered
as an "alternative." The alternatives evaluated under the
first generation of control are:

Alternative 1 - District of Columbia, three-dial
traffic control timing plans (3-dial)

Alternative 2 - First-generation control timing
plans selected for implementation
by time of day (TOD)

;

Alternative 3 - First-generation control timing
plans selected for implementation
by a traffic-responsive pattern
matching algorithm (TRSP)

;

Alternative 4 - First-generation control timing
plans selected as in Alternative 3

and including a critical intersec-
tion control algorithm (CIC)

;

Alternative 5 - First-generation control timing
plans selected as in Alternative 3

and including a bus priority system
control algorithm (BPS)

.

1

"The parenthetical notation at the end of each description
is the abbreviation used for the alternative when listed
in tables or figures.

3



Table 1. Features of UTCS/BPS strategies.

FEATURE
FIRST

GENERATION
SECOND

GENERATION
THIRD

GENERATION

Optimization Off-Line On-Line On-Line

Frequency of
Update

15 Minutes 10-15 Minutes* 3-6 Minutes

No. of Timing
Patterns

Up to 40

(7 used)

Unlimited Unlimited

Traffic Pre-
diction

No Yes Yes

Critical
Intersection
Control

Adjusts
Split

Adjusts Split
and Offset

Adjusts Split,

Offset, and
Cycle

Hierarchies
of Control

Pattern
Selection

Pattern
Computation

Congested,
Medium Flow

Fixed Cycle
Length

Within Each
Section

Within Vari-
able Groups
of Intersec-
tions

No Fixed Cycle
Length

*Not fully determined

Source: "The Urban Traffic Control System in Washington, D. C,
U. S. Department of Transportation, Federal Highway Admin-

istration, September, 1974.



Given that the total evaluation project will ultimately
consider computer-based strategies in all three generations
of sophistication, Alternative 3 was chosen as the base case
for analysis. It is expected that this alternative of first-
generation control will serve as the base case throughout the
long-term evaluation process. This alternative was chosen
because it represents the expected minimum level of sophis-
tication to be provided by computer based traffic control
systems as implemented throughout the United States.

UTCS/BPS PROJECT AREA

The first-generation alternatives were implemented and
tested in the Washington D. C. area as was shown on Figure
1. The UTCS/BPS test network included 114 signal controlled
intersections within the central area of Washington, D. C.
and along two primary arterials. The area of coverage is
shown on Figure 2. The UTCS/BPS area serves as the real
world laboratory for testing the control strategies as they
are developed. The overall control area is being expanded
to provide computer control of approximately 90 additional
intersections in the District of Columbia. Although impor-
tant to the District's traffic control program, the expan-
sion does not impact this evaluation project and the
expanded area will not be included in subsequent stages.

The control area includes portions of the central busi-
ness section of the District, sections of dense private
and Government office usage, multiple-family residential
units, a major university, hospitals, and other components
typical of urban centers. Two arterials, serving commercial
areas and acting as commuter routes, extend beyond the dense
grid network of the UTCS/BPS area. Portions of the control
area are impacted by tourist travel.

PROJECT METHODOLOGY

The evaluation effort included two parallel procedures.
The first procedure was based on utilizing information
gathered by the surveillance component of the UTCS/BPS
system itself. The second evaluation procedure was based
on moving-car studies conducted throughout the control area.
The results of the two primary procedures and applicable
special studies were also compared with one another to
evaluate the procedures themselves. Special studies of bus
activity were conducted during evaluation of the BPS alter-
native. Secondary studies using film, counter, and manually
collected delay data were also undertaken to evaluate
specific aspects of the system. The evaluation effort

5
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centered on performance of the alternatives relative to the
base case—traffic-responsive, first-generation control.
The evaluation covered three time periods of the normal
weekday. The periods encompassed the following times of
day.

Morning Peak - 7:00 a.m. to 9:45 a.m. (a.m.)

Midday Peak - 1:00 p.m. to 3:00 p.m. (midday)

Evening Peak - 4:00 p.m. to 6:30 p.m. (p.m.)

Surveillance System Procedure

The UTCS/BPS control system gathers and processes sur-
veillance information and records the information at 15-
minute intervals. This information can be maintained on
magnetic tape and processed at a later date. The information
includes distinct reports for individual detector locations.
The individual locations may be a single detector or multi-
ple detectors * in a single lane approaching a given
intersection. When recording information for a multiple
detector approach, an average of the individual detector
values is used. Approximately 250 detector locations were
included in the surveillance system analysis and detector
summary tapes were maintained for the detectors during the
testing of (the) alternatives.

For the single detector locations; volume, speed, and
occupancy data were available. For multiple detector loca-
tions, additional values for delay, stops, travel time,
and queue length were available. The majority of the
analyses centered on the delay measure of effectiveness
(delay MOE)

.

For each alternative, approximately eighty 15-minute
intervals were covered during each of the three time periods
(a.m., midday, p.m.). This meant that a data set with
approximately 8 entries for the MOE ' s noted above were
available for each alternative for each period. The values
in these data sets were compared relative to the base case

Parenthetical notations are those used throughout the
report to identify the time periods described.

The general condition is for three detectors to be used,
however, some multiple detector approaches have two
detectors

.



to provide an evaluation of the effectiveness of the alter-
natives* The comparisons were made using a computerized
process * which included statistical test routines.

Moving Car Procedure

Travel time studies were made on four routes in the
study area. The four routes included approximately 181
single direction approach links of the 343 links approaching
the 114 controlled intersections. The studies included
information on travel time, stops, and delays. They were
conducted concurrent with the collection of the surveillance
system data. The number of runs completed for each link
for each time period for each of the alternatives varied
from 21 to over 35. The majority of the data sets for the
moving-car runs included over 30 entries.

The moving-car data was collected using both manual
and automated techniques. The manual collection activities
occurred only when there were equipment problems and
accounted for a relatively low percentage of the total.

The data was recoded to permit computer processing.
After initial edit checks were conducted and appropriate
clerical corrections made, the link specific moving-car
data were processed using the same computerized techniques
as for the surveillance system data.

Data Collection Schedule

The data for all alternatives were scheduled to be
collected during the spring months of 1974. Each alterna-
tive was to be covered during a given two-week period and
one week was to be allowed between alternatives to permit
normal maintenance and programming activities at the control
system center. The collection schedule was delayed by a
strike by the transit drivers and a schedule slippage in
developing and debugging final versions of the alternatives.
These changes resulted in data being compiled during parts
of the spring, summer, and fall months of 1974. A base
case data set was developed for each of the periods of
activity to permit relative comparisons which reflect simi-
lar traffic conditions.

The process was a modification of the post-processor
component of the UTCS-I simulation model which was
developed at an earlier stage of the UTCS program.
The procedure is described in detail in later sections
of this report.

8



REPORT ORGANIZATION

This report is presented in two volumes as noted on
the title page, with this volume being the technical report
and the second volume containing technical appendices. In
addition to the introductory chapter, this report contains
the following chapters.

Situation and Approach

This chapter provides the details of the work plan of
the project exclusive of the detailed analytical methodology.
The discussion includes information on the field studies
and compilation of surveillance data. The detailed instruc-
tion sheets and related elements of the field studies are
included in Volume 2. Statements of network conditions
during the test with specific comments concerning the periods
for each alternative are also noted. Descriptions of the
measures of effectiveness (MOE's) are also included.

Analytical Methodology

This chapter presents detailed discussions of the
procedures used in evaluating the alternatives. The chapter
is complemented by the documentation of the computer pro-
grams which is presented in Volume 2

.

Evaluation of Alternatives

A step-by-step discussion of the evaluation of first-
generation alternatives is presented in this chapter. The
chapter also discusses the relative results of the two
primary evaluation procedures and the products of the
secondary studies.

Conclusions

This chapter discusses conclusions reached by the re-
search team in the areas of study design, methodology, and
evaluation of alternatives. The conclusions for the first
two items provide insight into problems encountered and
changes which should be considered in subsequent analyses.
The conclusions also note the positive aspects of the
procedure. The conclusions for the evaluation provide an
overview of the detailed evaluations and generalized ob-
servations of the research team.



SITUATION AND APPROACH

INTRODUCTION

This chapter discusses the work required to provide
data for the analysis of alternatives and to provide infor-
mation regarding the UTCS/BPS network and system. Elements
of the INTRODUCTION are repeated as a base for expanded
descriptions as required. As noted in the INTRODUCTION,
detailed on data collection forms are included in Volume 2,
TECHNICAL APPENDICES.

OVERVIEW

A detailed work plan was developed as the initial task
in performing the evaluation project. The work plan re-
flected discussions held with the Contract Manager, other
representatives of the Federal Highway Administration
involved in the UTCS/BPS effort, the District of Columbia
Department of Highways and Traffic, and the contractor-opera-
tor of the system. The discussions centered on the avail-
ability and format of information and the interrelationship
of various schedules for work with the UTCS/BPS system.
Additionally, minor studies of data gathering from system
hardware (the CRT displays) and correlation of field obser-
vation to short-term displays were undertaken to assist in
refining procedures. The work plan was related to the
specifed contract tasks to:

. "Develop study design and final work plan;"

. "Conduct traffic field studies;"

. "Analyze strategy effectiveness."

The studies were developed to evaluate the five alter-
natives noted in the INTRODUCTION and were each tested in
the a.m., midday, and p.m. periods. Data was not gathered
during Monday morning or Friday afternoon periods to avoid
what were felt to be atypical traffic conditions. Friday
midday periods were used if needed to insure fulfilling
sample size requirements. The following MOE ' s were used;
volume, travel time, average speed, number of stops, delay,
queue length *, and, for bus analyses; bus route travel time,

1. Several forms of "queue length" are used in the UTCS/BPS
system. Definition of the applicable measures is pro-
vided as required.

10



cross street delay, dwell time, and intersection area travel
time.

The measures were developed primarily from the surveil-
lance component of the UTCS/BPS system and from moving-car
data and secondarily from machine volume counts, time-lapse
photography, stopped-time delay studies, and special bus
studies. The evaluation process was conducted at the four
basic levels as follow:

. Link-specific comparisons of each UTCS MOE,
based on samples of data generated for each com-
bination of timing pattern and time period
identified previously.

. A parallel set of subnetwork comparisons of
each UTCS MOE for each timing pattern/time
period combination, based on aggregations of
specific link data into five selected subnet-
works .

. Network-wide and subnetwork analyses of total
vehicle miles of travel, vehicle minutes of
travel, and effective "network speed."

. Evaluation of bus performance at selected inter-
sections and basic bus routes at the points
where they enter and exit the test network.

The sample sizes for each data collection activity were
designed to permit measurement of significant differences
in traffic performance between alternatives and time periods
for each of the different levels of analysis identified
above

.

Normally 11 consecutive 15-minute detector summary
periods were covered for each detectorized link in each day
for the a.m. peak period (7 a.m. to 9:45 a.m.), eight such
summaries in each day for the midday period (1:00 p.m. to
3:00 p.m.), and ten such summaries in each day for the p.m.
peak (4:00 p.m. to 6:30 p.m.). These data were extracted
from the UTCS/BPS detector system 15-minute summary tape
data. Given the two-week sample period for each alterna-
tive, approximately 80 data points were developed for each
detector in each time period.

Each such sample point was identified by day, time-of-
day, average network volume level, and a notation made of
the occurrence of unusual or potentially disruptive traffic
conditions. The sample sizes noted above permitted the
elimination of erratic or apparently non-representative

11



sample points, together with an estimation of the variance
in total traffic volumes.

For the moving-car studies, a minimum of four runs
along each route was obtained each day for each time studied,
This produced a desired minimum total of 32 data points for
each time period and control alternative studied. The
actual number of runs varied with the length and complexity
of the route, the traffic conditions, and other external
factors. The moving-car sample sizes, although smaller than
those discussed above for the UTCS/BPS surveillance system
data, were still sufficiently large to permit the elimina-
tion of erratic or biased data points and the identification
of the confounding effects of volume level and/or unusual
traffic condition on traffic performance.

As noted, data were collected for each control alter-
native for approximately a two-week period. Because of the
overall length of calendar time which elapsed between the
testing of the alternatives, three separate sets of base
case data were developed, all based on the same traffic
responsive settings. This was done to avoid comparing base
data collected in March with test data collected in July,
when the volume and pattern of traffic moving through the
network is very different. For each analysis, statistically
significant differences in traffic performance were identi-
fied at the 5%, 2%, and 1% levels. The analytical methodol-
ogy is described in a following chapter.

UTCS/BPS SITE AND TRAFFIC CONDITIONS

The UTCS test area, as shown earlier on Figure 2, covers
a major portion of downtown Washington, D. C. , plus two
arterial streets leading into the city center. A more de-
tailed map is shown on Figure 3.

The downtown segment consists of a roughly L-shape grid
bounded by 17th Street, Constitution Avenue, 23rd Street,
L Street, 14th Street, and a line running from the inter-
section of 14th and K Streets to the north to the junction
of 17th Street and Pennsylvania Avenue to the south. The
area includes several major traffic arteries running in both
the north-south and the east-west direction. It contains
a large amount of commercial office space, plus several
federal government offices, the campus of George Washington
University, and a number of hospitals and medical buildings.
It does not include any major concentration of retail activ-
ity; however, the system is adjacent to a major retail area
and impacted by shopping activities.

12



The first of the two arterial segments covers a length
of Pennsylvania Avenue and M Street running from the south-
western edge of the downtown grid through Georgetown to
Key Bridge. The second segment consists of a three-mile
length of Wisconsin Avenue running north from Georgetown to
a point just beyond the National Cathedral.

Both arterial streets are lined with strip-commercial
development, and both carry heavy volumes of commuter traf-
fic into the city center from the Virginia and Maryland
suburbs.

Both the downtown grid and the arterial segments carry
significant volumes of bus traffic. Bus traffic is parti-
cularly high on the downtown section of K Street during the
a.m. and p.m. peak periods.

For the purposes of analysis, the entire UTCS/BPS test
area has been divided into four major subnetworks or "sec-
tions/ 1 These sections are also shown on Figure 3. The
first of these includes all of M Street through Georgetown.
The second section includes all of Wisconsin Avenue. Sec-
tion three includes all of the downtown grid northeast of
(and including) Pennsylvania Avenue. The fourth and final
section includes the remaining portion of the downtown grid
lying to the southwest of Pennsylvania Avenue. The remaining
links on Pennsylvania Avenue lying to the northwest of
Washington Circle are also in section one.

All sections of the network are subject to time-variant
traffic controls. These include peak-period parking and
turning restrictions; reversible lanes; and the designation
of certain streets as reversible one-way corridors during
peak traffic periods. The one-way streets are shown on
Figure 4. The basic number of approach lanes are shown on
Figures 5, 6, and 7. The lanes are shown for each of the
three periods, a.m., midday, and p.m., respectively. The
numbers shown are generalized and do not consider bus stops,
illegal parking, or lane distribution.

A considerable amount of construction activity took
place within the study area during the period of data collec-
tion. The most significant of this was related to Metro
subway system construction centering along Eye Street and
Connecticut Avenue (see Figure 4) . This activity seriously
disrupted certain traffic movements, It also either elimi-
nated or impaired the operation of several UTCS/BPS detec-
tors within the downtown grid. System detectors on Eye
Street and on cross street approaches were generally out
of service.
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During the periods when the control strategies were
being tested, several additional activities occurred which
impacted on overall traffic operations, including the
following:

. Installation of additional conduit on L Street
from Connecticut Avenue to 14th Street for
electrical service by a utility contractor.
This increased congestion during the midday
test. In accordance with permit regulations
under which the utility contractor operated,
no activity was begun prior to the end of the
morning peak period and was suspended prior to
the beginning of the evening peak period.

. Resurfacing of some sections of Eye Street and
Connecticut Avenue was begun.

. Some sections of Eye Street were closed in order
that the resurfacing might be expedited. Traf-
fic normally using Eye Street was rerouted as
a result.

. After settlement of the strike by the Metro
bus drivers, it appears that former bus riders
failed to return immediately to the use of the
transit system for their work trips. Traffic
volumes within the system appeared to remain
higher than at the beginning of the study.

SURVEILLANCE SYSTEM STUDIES

This UTCS/BPS study area with 114
;

,signalized intersections
includes approximately 34 3 approaches. UTCS surveillance
detectors were originally installed on 221 of these approaches.
Detectors were in most instances installed in a single lane,
usually the center lane in the case of a multi-lane approach.
At a number of complex intersections involving heavy turning
movements, two separate lanes (usually the center lane and
a turning lane) were detectorized. A total of 255 detec-
torized lanes was theoretically available within the study

The actual number of "approaches" varies slightly de-
pending on the definition used and on the time of day.
Peak-period transitions from two-way to one-way opera-
tion, for example, for certain streets, alter the total
number of approaches within the test area.
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area during the period of data collection.

Approximately 16 of these detectorized lanes were
rendered inoperative during the study, due either to Metro
construction or the transition of a street from two-way to
permanent one-way operation. Several additional detectors
were rendered inoperative during portions of the data col-
lection due to construction activity.

The detector installations are of two types. The
simplest installation consists of a single, inductive-loop
detector located 3 5 feet upstream from the stop line of an
approach. Such detectors can record information on traffic
volume , speed , and vehicle occupancy . Slightly less than
half (111) of the original total of 255 detectorized
approaches are of this variety.

The remaining 144 locations involve either two or
three inductive-loop detectors located at varying distances
upstream from the stop line. The first detector is again
located 3 5 feet from the downstream stop line, the second
at a distance of 210 feet upstream and, in the case of links
of sufficient length, the third at a point between 300 and
4 00 feet upstream of the stop line.

These "multiple-detector" installations can detect the
same information as the single detector, plus data on queue
length , delay, and number of stops . In the case of failure
of the second or third detector, the installation defaults
to operating as a single detector.

Fourteen of the initial multiple-detector installations
were either rendered inoperative by Metro construction, made
obsolete because of permanent transitions from two-way to
one-way traffic operation, or reduced permanently for an-
other reason to single-detector operation. A large number
of other multiple-detector locations failed periodically
throughout the course of the study. This had the effect
of limiting the availability of data on queue length, delay,
and number of stops to between 80 and 90 locations for any
"test "/"base-case" comparison.

The surveillance system also includes 72 "bus detectors"
used in the operation of the bus priority system (BPS)

control algorithm. These are located mainly along the
arterial streets carrying significant bus traffic. A small
number of these detectors also operated only part of the
time due to construction activity.
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Figure 8 shows the location and UTCS reference number
for the detector installations used in the study. The solid
arrows or circles represent multiple-detector installations
which were operational during at least a portion of the
analysis period. The hollow arrows or circles indicate
single-detector installations. These latter include both
those which were designed originally for single-detector
operation and those where a multiple-detector installation
defaulted permanently to the single-detector mode. Several
of the locations illustrated, particularly those lying
along the line of the Eye Street Metro route, seldom pro-
duced reliable data durung the course of the study and were
generally eliminated from the analysis.

The passage of a vehicle over one of the detectors is
recorded as a pulse which is transmitted to a central UTCS
control center. The resultant information is then used
both as raw input to the various UTCS control algorithms
and also as the basis for monitoring performance. This is
done, as noted earlier, by computing selected MOE ' s for
each link, accumulated by 15-minute period and stored on
computer tape

.

Although the system computes other values for usage
as part of the control operation and computes certain values
on a running average basis, only the MOE ' s derived from the
standard 15-minute summary reports are used in this study.

MOE Definitions

The following definitions and computational procedures
apply only to those MOE ' s and not to other similarly named
measures employed elsewhere in the UTCS system. They are
based on, information contained in the UTCS/BPS "Software
Manual. "'

Volume

"Volume" is estimated as a simple count of the number
of vehicles passing over a detector within a 15-minute time
period. If a link contains more than one detector, the
estimate is based on the sum of the observations for each
detector divided by the number of detectors.

Sperry-Rand Corporation, "Urban Traffic Control and
Bus Priority System Software Manual", (PB 220-867/868),
Federal Highway Administration, Washington, D. C. t ,

February, 1973.
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Figure 8. Location and type of UTCS/BPS detector installa-

tions, (continued)
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Average Speed

Estimates of "Average Speed" are based on the time a
vehicle takes to traverse a single-loop detector. It is
based on an assumed average vehicle length, and includes
adjustments for finite loop length and detector "bias." In
the case of multiple-detector installations, speed observa-
tions are again averaged across all detectors.

Occupancy

The measure "Percent Occupancy" reflects the proportion
of time that a detector is occupied or covered by the ve-
hicles traversing a link. Observations are again averaged
where appropriate across two or more detectors to produce
a single value for each link.

Queues

The "Queues" MOE is a relatively complex measure re-
flecting average link occupancy rather than simply the length
of a standincr queue. Each multiple-detector link is divided
into two or three zones, defined by the end of block and
downstream stop lines and the individual detector locations.

The number of vehicles "queued" in each zone is then
estimated at the start of each green phase and summed across
all zones to provide an estimate for the link as a whole.
These estimates are in turn summed for all green phases and
divided by the number of such phases in each 15-minute
period (normally 11 or 12) to produce the final 15-minute
MOE.

The count of vehicles in each zone is estimated by an
input-output count that is adjusted by observing individual
vehicle speeds at the upstream detector of the zone and
applying this data to a pre-calibrated relation between
observed detector speed and downstream queue length. Sep-
arate relationships have been calibrated for links of
different lengths within the UTCS network. The resultant
"zone count" is automatically reduced whenever a vehicle
passes the downstream detector.

The first zone (between the upstream stop line and the
first detector in the link) is long enough only to accommo-
date a single vehicle and, according to the reference, is
assumed to be empty unless the count for the next upstream
zone is equal to three or more vehicles.
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Delay

"Delay" is also a relatively complex measure. It is
computed as the difference between the observed time taken
by a vehicle to traverse a link and an assumed equivalent
free-flow travel time under uncongested conditions.

The estimate is based in part on the zone count (queues!
data outlined above estimated at two points in the cycle,
the beginning of the red phase and the beginning of the
green phase. Two assumptions are made: (1) vehicles arrive
at the upstream end of the link at regular intervals during
the red phase, and (2) vehicles discharge from the down-
stream end of the link at a fixed rate during the green
phase.

Average delay per vehicle is then computed in two parts
First, all vehicles in the link at the beginning of the red
phase are assumed to suffer a delay equal to the duration
of that phase (this is based on the assumption that queue
formation and dispersal rates are equal) . Next, vehicles
arriving during the red phase are assumed to experience
a delay related to the number of vehicles already present,
with the average time that they spend in the link being
computed from the estimated zone count information referred
to above and the assumed queue dispersal rate.

An estimate of net delay is then obtained by subtract-
ing from this value the assumed free-flow travel time for
the link and the individual vehicle observations accumulated
for each 15-minute period.

It should be noted that the delay calculation pertains
to the detectorized segment of the link only and that the
calculation is made for all multiple-detector locations.

Number of Stops

Estimates of the "Number of Stops" encountered by ve-
hicles traversing a link are also based on the "zone count"
data. Vehicles which traverse a link without stopping are
assumed to follow a standard time-space trajectory. This
in turn yields a critical arrival time for the vehicle at
each detector location relative to the time it entered the
link. Vehicles which arrive at a downstream detector after
the appropriate critical time has elapsed are assumed to
have stopped.

Separate calculations are made for two and three detec-
tor installations. Adjustments are also made to allow for
potential green extensions under BPS operation.
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Travel Time

The estimate of "Travel Time" is based on the initial
portion of the "Delay" calculation described above. It is
again accumulated for all vehicles traversing the link
within the 15-minute period.

It should be emphasized that the seven MOE ' s outlined
above are not intended to precisely duplicate the standard
traffic engineering measures of the same name, but rather
to be realistic surrogates for them based on the data
generated by the UTCS surveillance system. Their values
should, therefore, be interpreted in the context of the
definitions

.

15-Minute Summary Tape Forms

The magnetic tapes from the UTCS/BPS system are in
seven track, 556 bpi format as output by the system's XDS
Sigma Five computer. For each 15-minute period, the summary
tape contains two records of binary integer data. The first
four words of the first record contain information on the
date and time of the observations. This information is
followed by an additional four words for each detectorized
link in the system, containing the link identification
number and the observed values of each of the seven MOEs,
for the 15-minute period, each expressed as integer half-
words. Data are provided for each of the 255 detectorized
links referred to above, plus 15 additional detector loca-
tions which provide "advance warnings" information for use
in system control. These latter data were not used in the
evaluation project.

This initial information is followed by a single-spacer
word and two integer half-words for each of the bus detec-
tors included in the BPS system. Originally, these two
words were designed to contain counts of the number of buses
using the bus priority option and the resultant "intersection
gain" at each location. The latter measure, however, has
now been dropped and no data are produced.

The total length of the first record on each 15-minute
summary tape is thus 1,157 words.

The second record on each tape is 290 words long. It
contains 15-minute "failure" data, including information on
UTCS control operator actions, plus data on controller,
detector, and communications malfunctions. As in the case
of the "advanced warning" information, there was no need
to use this information in the course of the evaluation
s tudy

.
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MOVING CAR STUDIES

Four basic routes were selected over which moving car
runs were performed. These routes, shown on Figure 9, were
designed to form a data base representative of operating
conditions on a majority of the system links. The moving
car data consisted of average speeds, number and duration
of stops, and average delay throughout the system, and were
gathered for each alternative. Two of the routes followed
the arterial streets (Wisconsin Avenue and M Street with
Pennsylvania Avenue) and were run separately for each direc-
tion. The other two were closed loop routes within the
grid network area. The following is a description of the
routes as shown on Figure 9

.

1. Beginning on Wisconsin Avenue at M Street,
north on Wisconsin Avenue to Porter Street.
After turning around—beginning at Porter
Street, south on Wisconsin Avenue to beginning
point at M Street. Trip distance is approxi-
mately 2.3 miles for each direction. The
route was noted as Route 11-Northbound and
Route 13 -Southbound.

2. Beginning on Pennsylvania Avenue at 17th
Street, northwest on Pennsylvania Avenue
around Washington Circle to M Street; west
on M Street to Key Bridge. After turnaround,
return trip starts on M Street at Key Bridge
and continues east on M Street to Pennsylvania
Avenue; southeast on Pennsylvania around
Washington Circle to 17th Street. The dis-
tance is approximately 1.7 miles for each
direction. The route was noted as Route 22-
Eastbound and Route 24 -Westbound.

3. Beginning on 22nd Street at F Street, travel
north on 22nd Street to K Street; east on K
Street to 14th Street; south on 14th Street
to H Street; west on H Street to 17th Street;
south on 17th Street to Constitution Avenue;
west on Constitution Avenue to Virginia Ave-
nue; northwest on Virginia Avenue to 18th
Street; north on 18th Street to L Street;
east to L Street to Connecticut Avenue;
south on Connecticut Avenue to K Street; south
on 17th Street to New York Avenue; west on E
Street, north to Virginia Avenue; northwest
on Virginia to 22nd Street; north to 22nd
Street to F Street and beginning point. The
trip distance is approximately 4.6 miles.

27



/

CO

0)

-p

S

O

Cn
CH
>

2

<D

U

•H
P4

28



The route was run one-way and was noted as
Route 30.

4. Beginning on 23rd Street at D Street, travel
north on 23rd Street to Washington Circle;
around Washington Circle to New Hampshire
Avenue; northwest on New Hampshire Avenue to
L Street; east on L Street to 14th Street;
south on 14th Street to K Street; west on K
Street to service road turn around at Wash-
ington Circle; east on K Street service road
to 19th Street; south on 19th Street to
Constitution Avenue; west on Constitution
Avenue to 23rd Street; north on 23rd Street
to D Street and beginning point. The trip
distance is approximately 4.1 miles. The
route was run one-way and was noted as Route 40.

The intermediate check points and distances are shown
in Volume 2 along with sample forms and instruction sheets.

The majority of the moving car data was gathered with
four vehicles equipped with Greenshields Traffic Analyzers.
Using these analyzers, speedometer revolutions are used to
measure travel time and distance for each link and route.
For purposes of this study, the information was printed out
on paper tape only when the printing mechanism was manually
activated by an attached push-button. Since the analyzer
was relatively easy to operate, the driver of the vehicle
was able to drive the vehicle and operate the analyzer.
This reduced the required manpower to one person per vehicle
During the initial stages of the UTCS/BPS data collection
program, the travel time data was collected manually using
a stop watch and forms prepared for each route. This method
was also employed whenever there was a malfunction in the
operation of the analyzers.

Generally, four runs were made for each route for each
time period and each day of operation. The drivers were
instructed to attempt a fifth run whenever there was suffi-
cient time to complete the run prior to the end of the test
period. The drivers were trained in the operation of the
Greenshield ' s Analyzer. Their instructions included pro-
cedures for resetting the machine before the beginning of
each run, re-starting the analyzer, and print button acti-
vation before the initial link discharge point. When con-
tinuing the run, the "print" button was pushed at each
occurrence of one of three events: crossing of a stop bar
at an intersection, stopping of the vehicle in traffic, and
starting of the vehicle after the stop. After each stop
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bar was crossed, the tape was manually advanced slightly
so that a gap in the printed data indicated the end of an
intersection-to-intersection link. This physical gap in
the printed data facilitated subsequent data reduction and
coding.

Each driver was instructed to maintain the speed of
the platoon with which he was traveling. If he was not in
a platoon, he was to maintain the posted speed limit. The
maximum allowable speed was 30 mph. Lanes were selected
at random with the intent of having a nearly equal number
of runs in each available lane. Lane changing was to be
kept to a minimum.

A minimum of two drivers were acquainted with each
route and two standby drivers (full-time technicians of the
research team) were available to fill-in when crew members
were absent. The drivers were hired on a temporary basis
and three sets of drivers were needed; one for each primary
phase of data collection. The full-time technicians
trained the drivers in the procedures to be followed and
rode with the drivers on several occasions throughout the
collection effort. Driver results were examined daily and
questionable runs were voided and re-collected as required.
The same drivers were used, insofar as possible, for a given
route through a base case and alternatives examined in one
of the three periods; spring, summer, and fall.

A master run was made for each route before data
collection began in order to calibrate the distance (in
hundredths of a mile) between each checkpoint. The distances
obtained from the master runs were used, when necessary, to
verify runs, for correction of driver errors, and to deter-
mine which segments of data were unsuitable for further
analysis

.

As noted in the INTRODUCTION, the moving car studies
included approximately 181 of 34 3 approach links to the
controlled intersections.

MACHINE VOLUME COUNTS

Machine volume counters were placed at 25 intersection
approaches. The approaches were selected to provide a

representative sample of the traffic flows within the sys-
tem. The machine volume data were designed for estimating
the total traffic volume within the system and as a check
of the system detectors. The latter purpose proved to be
the primary usage. The surveillance system was used to
indicate volume levels in the network.
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Of the 2 5 locations, five were in areas where there
were no detectors or where the detectors were out of opera-
tion because of Metro construction. The other 20 were
located in the vicinity of system detectors and on streets
with various geometric and operational characteristics,
ranging from one to four lanes and involving one-way and
two-way operation. The counter locations are shown in
Figure 10. Those counter locations where no detectors were
operational are noted on the figure.

Data was recorded at 15-minute intervals corresponding
to the recording time of the system detectors. The counters
were placed far enough from intersections to avoid the
double counting effect of turning vehicles. Counters were
left running for the full week intervals during the evalua-
tion periods, but only the data during the hours of 7-10 a.m.,
1-4 p.m., and 4-7 p.m. were coded for use in the project.
The machines were checked once each day to insure that they
were operating properly and were turned off Friday afternoon
to Monday morning to reduce battery usage.

TIME-LAPSE PHOTOGRAPHY

Three intersections, indicated by a "circle" on Figure
10, were selected for study by time-lapse photography to
relate surveillance data to observed data. The intersec-
tions were 20th and K Streets, 18th and L Streets, and 17th
Street at Pennsylvania Avenue. The intersections are all
located in the grid network portion of the UTCS area . The
approaches examined were detectorized and had BPS surveil-
lance hardware as well.

All photography was done from roof-tops of buildings
located at the intersections. A 16 mm camera, equipped with
an automatic advancing mechanism, was used. All films were
taken at a speed of one frame per second. The films were
taken in color with natural light and a wide-angle lens.
Filming was generally done for two hours during each of the
three periods at each location. Starting times were corre-
lated with a 15-minute interval such that a comparison could
be made with the UTCS/BPS surveillance data. The films
were run through a 16 mm projector equipped to permit
forward and back-up operation at rates varying from a single
frame per actuation to several frames per second under
automatic advancing.

Initially, volume and turning movement data were ex-
tracted from the films. Undetected camera problems (inter-
mittent aperture failure) reduced the usability of several
rolls of film. This caused gaps to occur in data sets and
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resulted in the questionable accuracy of a base case. The
detector surveillance data provided the information needed
for the overall evaluation and the questionable data was
not used.

The film data was reviewed to determine queue length
(as defined in the surveillance system) and this data set
was compared with the output of the surveillance system.

BUS OPERATIONS STUDIES

As noted, bus surveillance detectors are located at
approximately 72 locations as part of the UTCS/BPS system.
These detectors are used to sense the presence of a bus
so that the bus priority system algorithm can provide pre-
ferred service to the buses at critical intersections.
These bus detector locations are shown on Figure 11. A
transmitter is required on the bus to activate the bus
detectors. Of the approximately 2,200 buses operated by
the transit company (WMATA) , 4 50 were originally equipped
with the special transmitters. At the time of the study,
approximately 300 buses had functioning transmitters; 150
units having been lost through the transit equipment re-
placement program.

The 300 equipped buses operate from three of the eight
WMATA garage divisions--the Bladensburg, Northern, and
Western garages. This has the effect of limiting the buses
to those routes served from these three garage facilities.
WMATA was requested to have the equipped buses in service
during the test periods, however, limited compliance
appeared to occur.

Special studies were developed to monitor bus activities
and the overall effect on traffic was measured by the sur-
veillance and moving car studies. The bus studies were
designed to measure both intersection specific and route
wide effects of the buses. The intersection studies were
conducted at 18th Street and Pennsylvania Avenue, 14th and
K Streets, 17th Street and Pennsylvania Avenue, and Wis-
consin Avenue at Macomb Street. Route studies were conducted
along Pennsylvania Avenue, M Street, and Wisconsin Avenue
and along K Street in the commercial core. The intersec-
tions and routes are shown on Figure 12.

1. Washington Area Metropolitan Transit Authority (WMATA)

.
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The intersections and routes were selected to cover a
range of traffic operating conditions and to include the
routes served by the three garages where the equipped buses
were located.

The intersection studies were conducted only for in-
strumented approaches. This included three approaches at
18th Street and Pennsylvania Avenue; the two approaches of
Wisconsin Avenue at Macomb Street; and all four approaches
at 14th and K Streets.

At each location, the observers recorded the following
information:

. The arrival time of the bus at the upstream
bus receiver-detector;

. The route number, vehicle number, and block
number (the headway control number) of the
buses;

. Estimate of passengers on bus, passengers
loading and off-loading;

. Dwell time if bus stopped;

. If the bus stopped, the cause of the stop (red
signal indication, passenger loading/off-
loading, and/or both);

. The time the bus departed the far side of the
intersection; and,

Whether or not the "transmitter indication
was displayed.

„1

When the number of buses passing the selected locations
was too great to allow the observation of all these items
for all buses, only as many buses as could be accurately
timed were recorded by the observer. Priority in data col-
lection was given to buses with the transmitter designation
in an attempt to equalize the equipped-not equipped samples.
The observers used two stop watches; the first to record
the travel time of the bus from the detector location to the

1. A white card with a large letter "P" was to have been
displayed in the window of transmitter-equipped buses
Because of low driver compliance, the bus number was
ultimately used to identify equipped buses.
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intersection exit and the second to determine the dwell time
of the bus if it stopped.

The route studies were conducted by clocking the buses
into and out of a given segment of the system. The bus
route numbers covered by the study are noted on the pre-
viously referenced Figure 8. The points where the buses
were logged in and out are also shown on the figure. The
observers' watches were synchronized before each study
period and accuracy verified at the end of the period.
Buses covering the route were "matched" using the bus, route,
and block numbers and the travel time computed.

At each location, the observer recorded the following
information:

. The time the bus crossed the predetermined
point, i.e., the upstream detector or the
crosswalk;

. The route number, vehicle number, and block
number (the headway control number)

;

. Estimated number of passengers; and,

. Whether or not the transmitter indication was
displayed.

Each observer was required to record data only for
those buses with route designations matching the series
listed which included travel throughout the pre-established
area. This reduced the total size of the data set and al-
lowed greater concentration on selected routes. This in
turn facilitated matching the in-out data.

The data was collected during those hours specified
for the overall evaluation. Starting times for the "in"
observers were approximately 15 minutes earlier than for the
"out" observers to allow for route travel time and minimize
the number of missed opportunities for matching. After
completion of data collection, the data was recorded on
coding sheets for punching on computer cards for processing.
Route details, samples of all coding forms, and instructions
for collection and coding are included in Volume 2.

DATA COLLECTION SCHEDULE

Data collection occurred over a calendar period of
approximately eight months. Conditions varied somewhat
during this period because of normal seasonal traffic fluc-

37



tuations. The daily variations were taken into account by
a volume matching concept described in the chapter on
ANALYTICAL METHODOLOGY. Separate base cases were taken by
during each of the three seasons spanned by the data collec-
tion effort. Data collection began on March 4, 1974, and
was completed on November 8, 1974. The schedule for the
collection activities for the various alternatives is shown
below.

CONTROL ALTERNATIVE
COLLECTION PERIOD

(1974)NUMBER NAME

1. 3 Dial March 4 - March 15

1. 3 Dial
(Data Augmentation)

June 5 - June 11

2. TOD March 26 - April 5

3(1) TRSP (Spring base-
case)

April 15 - April 23
April 26-April 30 and

May 1

4. CIC May 20th - June 4

5. BPS July 22 - August 2

3(2) TRSP (Summer base-
case)

August 5 - August 16

3(3) TRSP (Fall base-
case)

October 9 - October 23

4. CIC (Test Repeat) October 24 - November 8

CONDITIONS DURING ALTERNATIVE TESTS

The basic traffic conditions within the UTCS/BPS pro-
ject area have been summarized earlier in this chapter.
The purpose of this section is to highlight conditions
during the tests for each of the alternatives.
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Alternative 1. 3 Dial

This alternative is the basic fixed time, three-dial,
three offset/split system used by the District of Columbia,
Department of Highways and Traffic. Controller dial number
one is used seven days per week during all non-peak traffic
periods. Dial number two is used during the a.m. peak
period from 7:00 a.m. to 9:30 a.m., Monday through Friday.
Dial number three is used during the p.m. peak period from
4:00 p.m. to 6:30 p.m., Monday through Friday. Dial set-
tings for splits and offsets have been developed over time
and are based on a regular analysis of traffic volume data.
The system is designed for normal traffic flow patterns.
The control patterns used to test Alternative 1. were those
in service through January, 1973.

Data collection for this alternative began on March 4th
continuing through March 15th. The data collection began
during the time when the critical shortage of fuel was still
having an apparent impact on total vehicular volume. Auto
usage appeared to be restricted to those trips considered
necessary. Traffic volumes were approximately percent
lower than normal and it was apparent that a higher percen-
tage of work trips were made in car pools and transit facil-
ities. The weather was generally good with light rain on
two days

.

Alternative 2 . TOD

This control alternative utilizes time-of-day control
patterns developed using the TRANSYT signal optimizing pro-
gram. The timing patterns are computed off-line based on
data gathered within each control zone. Seven separate
timing plans have been developed for UTCS application.

Data collection for this control alternative was to
begin on Monday, March 25th. An unscheduled failure within
the central processing unit delayed the start until Tuesday,
March 26th. Data collection was completed on April 5, 1974

Traffic volumes appeared to be consistent. No unusual
traffic conditions were noted and weather conditions did
not have a significant impact during the period.

Alternative 3. TRSP (base cases)

This alternative was used as the base case for evalua-
ting the first-generation strategy. It is also expected to
serve as the base case for evaluating the second and third
generation algorithms. The TRSP alternative uses the same
basic time plans as those noted for Alternative 2. (Seven
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plans were developed using TRANSYT) . It has the added capa-
bility of selecting the plans based on a pattern-matching
principle which responds to measured on-street traffic con-
ditions.

Data collection began on April 15th and continued
through May 1, 1974. Two normal collection days were aborted
in April and made-up by extending the test into the third
week.

The data collection for this alternative occurred when
the first significant variations in traffic volumes were
beginning. The most apparent change was that additional
midday volumes appeared to occur because of the visitors
during the Easter season. The midday volumes were
observed to be higher than for the first two alternatives.
The weather was good and did not effect traffic operations.

Initial data for use in evaluating the bus priority
system were also collected during this period. The data
was to be used as the base control in comparing the effec-
tiveness of priority bus treatment that was to be collected
for Alternative 5. The data collected during this period
for BPS evaluation was not used, however, due to a transit
strike which caused the rescheduling of the BPS control
strategy beyond the spring 1974 period.

Data under this alternative were collected in August
and in October to serve as base cases for Alternatives 5.

and 4., respectively. No unusual conditions occurred during
these periods.

Alternative 4. CIC

This alternative uses the basic timing and operation
as Alternative 3. TRSP. In addition, a critical intersec-
tion control mode is implemented for those intersections
where approaches become highly congested and intersection
blockages occur. These approaches have been instrumented
and provide the CIC algorithm with on-street demand infor-
mation. The intersection splits are recomputed each cycle
to reflect the measured demand on the critical approach
for each signal phase.

The scheduled start of data collection for this alter-
native was for May 6, 1974. A five-day strike by Metrobus
operators and the need for additional refinement of the
control algorithms for this alternative delayed the actual
start until May 2 0th. Data collection continued through
June 4th.
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The strike by Metrobus drivers forced all bus passengers
to seek other means of transportation to and from work.
Many returned to using their private automobile for their
work trips. After settlement of the strike, a significant
number of these people did not return to use of the bus.
Because of this, there was a noticeable increase in
the network traffic volumes for this collection
period. In addition to the increase in commuter traffic
volumes, the initial traffic increases due to tourist
attractions began. Inasmuch as most of the attractions are
not in the study zone, the overall impact was not major.

After completion of the data collection for Alternative
4, an additional five days of data was collected for Alter-
native 1. This data was used to enlarge the data set and to
compare with initial data to identify significant changes
in traffic volumes within the network since the beginning
of the data collection activities.

Data collection was suspended until July 22nd to permit
refinements in the control algorithms. The delay was also
prompted by changes in the traffic patterns caused by Metro
subway construction progress and to insure that traffic
volumes within the network were similar.

An error in the UTCS system calculation of the measures
of effectiveness was discovered during analysis of the CIC
data. Data collection for evaluation of this alternative
was repeated. The period of this data collection was from
October 24 through November 8, 1974. As was noted earlier,
a new data set for Alternative 3. was collected during the
fall, 1974 period to provide a comparable base case for
the fall data for Alternative 4

.

Alternative 5. BPS

As noted, approximately 300 buses in the Metrobus fleet
are equipped with specially designed near field radio
transmitters. The units are designed to transmit a signal
to an antenna embedded in the traffic lanes approaching
selected intersections. This signal is interpreted as a
request to the computer to either extend the green phase
or truncate the red phase (depending on signal state) , per-
mitting the bus to clear the intersection without being
delayed by the signals. When the bus clears the intersec-
tion, the signal is returned to its normal phase durations.
This system also measures traffic volumes at the intersec-
tion and inhibits the bus priority system if the intersection
becomes saturated.
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Data collection began on Monday, July 22nd, A malfunc-
tion in the operation of the computer at the system control
center could not be resolved and all data collection was
suspended until midday Tuesday, July 23rd. Data collection
for this alternative was completed on August 2, 1974.

Traffic operations during this period were affected
by changes in the Metro construction phases and the influx
of tourists. A summer data set for Alternative 3. TRSP
was collected to provide parallel evaluation information.
Light to moderate rain occurred on three days and a major
fire disturbed traffic one a.m. period on upper Wisconsin
Avenue. Link data impacted by the fire was voided.
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ANALYTICAL METHODOLOGY

INTRODUCTION

This chapter describes the analytical methodology used
in comparing the control alternatives of the first-genera-
tion UTCS/BPS system. The chapter includes a discussion of
data assembly and data processing procedures and the statis-
tical analysis techniques. A package of computer programs
was developed for use in data assembly and analysis. These
programs were designed to be of use also in the testing of
second and third generation UTCS control strategies subse-
quent to this project. Documentation of these computer
programs is included in Volume 2. Technical Appendices
to this report. The results of the analyses and the con-
clusions reached are presented in subsequent chapters. As
described previously, two parallel primary analyses, based
on surveillance system data and moving car data and special
studies, were used.

PROCESSING THE UTCS/BPS SURVEILLANCE DATA

The data from the 15-minute summary tapes were used to
create a series of standard arrays. These may be considered
conceptually to be of the form illustrated in Figure 13.
Separate arrays were produced and maintained for each con-
trol alternative and base-case studied , and for each of the
three time-of-day intervals.

The rows in Figure 13 represent individual links in
the network. For each link, MOE data are assembled by
15-minute time periods over a series of several days. The
major columns in Figure 13 represent one such 15-minute
time period; the minor columns represent data collected
during that time period on a particular day. If all data
is usable, each major column will contain eight minor
columns, corresponding to the eight days for which data
were collected for each control alternative.

The minor columns themselves may be further defined as
containing seven separate "cells" for each link, correspon-
ding to the seven measures of effectiveness for which data
were assembled.

The analysis process outlined later in this chapter
compares any two of these arrays on the basis of similar
links and similar 15-minute time periods. That is, the
data assembled on different days are used to construct a
distribution of observations for each link and each 15-
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minute period. Comparison of these distributions then forms
the basis of the statistical analysis.

The following standard terms are used throughout the
discussion of these arrays:

1. Observation - the term "observation" means a full
set of MOE data developed for all links to be analyzed for
one 15-minute time period on one particular day; i.e., an
"observation" corresponds to one minor column in Figure 13.

2. Time-of-Day - the term "time-of-day" means one of
the three time intervals for which data are assembled for
each alternative; i.e., a.m., midday, and p.m.

3. Data Element - the term "data element" is defined
as a single set of seven MOE ' s developed for a specific
link during a particular 15-minute observation period on a
particular day; i.e., a "data element" corresponds to the
intersection between a row and a minor column in Figure 13.

Data Processing Software

A package of eight computer programs was written to
extract data from the 15-minute summary tapes and prepare
it for analysis in the form of the arrays described above.
The programs were designed to perform a series of diag-
nostic checks on the data and to eliminate any erroneous
or inadequate data points from the analysis.

Figure 14 lists the programs in the order of their use.
All are operational on the FHWA IBM 360 computer installa-
tion in the Department of Transportation Nassif Building,
Washington, D. C.

The following paragraphs outline the functions of each
program and describe the major steps followed in the extrac-
tion and processing of the summary tape data prior to
statistical analysis. More detailed documentation of the
programs is given in Volume 2. Technical Appendices of
this report.
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Program

TESTP

Program

OBSOUT

i f

Program

CONFIL

1 r

Program

OLOUT

i r

Program

PLUGNET

i f

Program

SCTRGM

\ r

Program

BRKFIL

i r

Program

ENDPRNT

Reads original 15-minute summary
tape and creates initial data set

Deletes observations having I/O
or other system errors.

Performs diagnostic checks on data,
rejects bad observations and creates
revised data sets.

Checks for erratic detector behavior,
eliminates appropriate data elements,
and creates "link usability vector."

Substitutes appropriate mean values
for rejected data elements not in-
cluded in rejected observations.

Prepares printer-plot of "volume"
versus "average delay."

Creates final data set sorted by MOE,
15-minute time period, and time-of-day

Prepares summary report from file
created by BRKFIL.

Figure 14. UTCS/BPS evaluation software data
assembly and edit routines.
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Program TESTP

The first program in the package is designed to read
the 15-minute summary tapes as generated by the XDS Sigma
Five computer, perform an initial set of error checks, and
produce a summary, data set in standard format for subse-
quent processing.

Program TESTP reads each record on the original tape,
ignoring data on system failures. Information on time and
date is checked against control records and any errors noted.
Next, the data corresponding to the three standard time-of-
day intervals are extracted and summarized in chronological
order.

As noted, the three time intervals were defined as:

. a.m. peak period (a.m.) 7:00 a.m. - 9:45 a.m.;

. midday period (midday) 1:00 p.m. - 3:00 p.m.; and

. p.m. peak period (p.m.) 4:00 p.m. - 6:30 p.m.

All records except those corresponding to the time
periods identified above are eliminated from the file. A
check is also made to determine if information is available
for the 15-minute period immediately preceding the time-
interval to be analyzed. If this record is missing, it
indicates that a system failure may have occurred and that
complete data may not be available for the first 15-minute
period to be evaluated—i.e., the original tape may not
include information for the early portion of the first 15-
minute period due to a system malfunction or late start-up.

The program then extracts and reformats all of the MOE
and link identification data for each of the 270 detectorized
links in the test network. A summary of the data for the
first few and last few links is printed for visual checking
and examination. The program also produces a count of the
number of "vehicles helped" by the bus priority system.

The output of program TESTP is a simple data set pro-
duced in standard format for each day, containing a header

A number of difficulties were encountered early in the
project in reading the tapes created on the UTCS XDS
Sigma Five computer. Most of these were traced to
tape drive maintenance problems which were corrected by
instituting more rigorous maintenance and quality con-
trol procedures.
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record for each 15-minute period followed by the MOE values
for each of the 270 links.

Program OBSOUT

The second program in the sequence, OBSOUT, is designed
to delete observations from the data set generated by pro-
gram TESTP which are found to be in error due to data I/O
or similar machine processing problems. Program OBSOUT
produces a data set identical in format to that produced
by program TESTP, but containing fewer records. The dele-
tions are based on coarse logic and limit checks which
identify "nonsense" values. The program is bypassed if no
deletions are necessary.

Program CONFIL

The third program, CONFIL, is one of the more impor-
tant ones in the series. It performs a number of functions,
including a lengthy series of diagnostic checks on the data
sets created by TESTP and OBSOUT. It then eliminates any
data points which fail to pass these tests and creates a
smaller edited data set.

The program first break down the data set for an
entire day and divides it into three files defined by time-
of-day (e.g., a.m., midday, p.m.). Each data item within
these files is then examined to determine whether or not
it represents a valid point for analysis.

The UTCS system automatically diagnoses a large number
of detector and operating system failures and "flags" these
as part of the standard output record. Program CONFIL
identifies all instances which are "flagged" in this manner,
and records the total number of links so indicated within
each 15-minute observation.

The program next checks each individual data element
to eliminate obviously erroneous information. This is done
by comparing selected MOE values with equivalent "accept-
able" standards. The standards were themselves developed
empirically as the study progressed, as analytical problems
were identified and traced back to poor input data. The
program permits the values used for the standards to be
varied at the option of the analyst.

Six such checks are made, with a data element being
rejected if one or more of the following conditions apply:
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1. The observed 15-minute volume for the link
is less than eight vehicles per hour;

2. The observed 15-minute volume exceeds 1,500
vehicles per hour;

3. The average 15-minute speed for the link
exceeds 5C miles per hour;

4. The average 15-minute travel time for the
link is greater than 187.5 seconds;

5. Any measure of effectiveness has a negative
value; and,

6. The link identifier is out of sequence.

The program then classifies each detectorized link as
an effective single or multiple-detector installation for
each 15-minute time period. This is done by first checking
the nominal classification of each installation. The
operation of all multiple-detectors is then verified by
checking the more complex multiple-detector MOE's. If all
of these are zero for the 15-minute observation period,
the installation is presumed to have defaulted to single
detector operation and is so classified. a catalog is
then prepared summarizing the status of each detected in-
stallation for the 15-minute period.

CONFIL performs a further composite check on the data
based on the combined number of "flagged" links identified
by the UTCS control system and "rejected" links identified
by the logic outlined above. Serious data problems war-
ranting further examination are assumed to exist if either
more than four links are "rejected" within a 15-minute
observation period; or the sum of "rejected" and automati-
cally "flagged" links in a 15-minute period exceeds 74.

1. Data on the UTCS tapes for travel time are scaled by
a factor of 32. The value above corresponds to 6000
on the original tape.

2. Normally, if more than one detector at a multiple-
detector installation is operational during the 15-
minute period making up the observation, these MOE's
will have non-zero values. The complex MOE's cannot
be computed for single-detector locations nor for
multiple-detector installations where only a single
detector is operational.
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If a 15-minute observation fails either of these tests, it
is automatically deleted from the data set.

The output of program CONFIL is a revised data set in
standard format, from which all "flagged" and "rejected"
observations have been eliminated.

Program OLOUT

The next program in the series, OLOUT, is designed to
check for consistently erratic detector behavior over an
entire study period. The program first classifies each
link as functioning predominantly as a single- or a multi-
ple-detector installation for the set of observations in
question (e.g., midday). The number of times each multiple
detector link defaults to a single-detector operation is
then recorded. If this occurs more than 20 times (i.e.,
for 20 separate links) within a single 15-minute observa-
tion interval, the entire 15-minute observation interval
is deleted. This situation never actually occurred in the
course of the present study.

A "link usability vector" is then computed. Each
individual link is classified as either (1) "usable" as a
multiple -detector installation; (2) "usable" as a single-
detector installation, or (3) "unusable." If the number
of "unacceptable" observations identified by program CONFIL
for the link exceeds four, the link is automatically con-
sidered "unusable" and eliminated from the analysis. If
40 percent or more of the 15-minute observations for a
given link are either "flagged" automatically by the UTCS
control system or defined as unacceptable by program CONFIL,
the link is also classified as "unusable" and eliminated from
the analysis.

1. It should be noted that only three such instances oc-
curred in the present study. All of these were due to
system I/O problems on the original UTCS summary tape,
rendering the observations in question non-usable.

2. The presence of excessive "flagged" values for a given
link is indicative of systematic failures of the detec-
tor system and casts considerable doubt on the reliabil-
ity of the remaining, apparently valid observations.
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The output of program OLOUT is expressed in the form
of a "link usability vector". This vector is used subse-
quently as input to a number of other programs in the
evaluation package. All "unusable" data elements are indi-
cated by a "-1" entry in the appropriate position in the
data array. The final number of usable observations is
noted and written into a control data set for use in
subsequent analyses.

Each of the three time-of-day files developed by pro-
gram OLOUT is then sorted using the IBM Sort/Merge utility
program. The sort is made by clock time, so that all
observations for a given 15-minute period are located phy-
sically adjacent to one another in the final file. This
step is a necessary precursor for the sample selection pro-
cedure described later in this chapter.

Program PLUGNET

The fifth program in the package, PLUGNET, replaces
the value of individual data elements rejected by project
CONFIL with an equivalent mean value computed from the
appropriate, non-rejected elements. This provision is
incorporated in the package in order to minimize the elimina-
tion of entire 15-minute observations due to the presence
of only one or two bad "links" from within the total sample
of 80 or 90 links included in the observation. It is
invoked only for case observations which have passed all
of the preceding tests in the series and affects only those
data elements in an observation which have been rejected
as unrealistic.

Separate mean values are computed for each MOE for
each link, using the non-rejected data elements contained
in the total sample of observations developed for each 15-
minute time period. The process may perhaps best be
illustrated by an example. In Figure 15, eight observations
have been developed for the time period 7:00 a.m. to 7:15
a.m., based on data collected on eight separate days. Such
observations contain information on the links and all seven
MOE ' s . Two data elements in one observation—observation
#3 in the figure involving temporary detector malfunctions
on links #4 and #7--are found to be unacceptable according
to the criteria of program CONFIL and are rejected. The
number of elements rejected is not enough to cause the
entire observation to be eliminated. Later analysis pro-
grams, however, require a complete data set, i.e., missing
data points must be replaced, rather than eliminate the
entire observation. Therefore, MOE values for the two
rejected data elements are replaced by appropriate mean
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Time Period 7:00 a.m. - 7:15 a.m.

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8

Link 1

2

3

4 X
5

6

7 X
8

9

/lO

Observation 3, Link 7

Bad Data Element

Replace original MOE
values with the average
values computed across
remaining seven obser-
vation (columns) for same
link (row 7)

Observation 3, Link 4

Bad Data Element

Replace original MOE
values with average
values computed across
remaining seven obser-
vations (columns) for same

link (row 4)

Figure 15. Operation of program PLUGNET
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values computed from the seven non-rejected observations
for the two links in question. All other data elements in
the array are unaffected by the substitution.

After making the appropriate substitutions for rejected
data elements, PLUGNET produces an updated data set in
identical format to that generated by OLOUT.

Program PLUGNET also computes three data items for the
network as a whole: (1) "total volume"; (2) "total queue";
and (3) "total vehicle minutes of delay." The latter value
is computed using data on "average delay" and "volume."
"Total volume'' is computed using data from all operative
detectors; the other two measures are computed from opera-
tive multiple detectors only. The resultant network-wide
measures, particularly total volume, are important inputs
to the sample selection procedure discussed below. They
are also used as a further manual check on the overall data.

Program SCTRGM

Program SCTRGM produces a simple printer-plot of volume
against average delay. This is used mainly as a further
check on the data. Program SCTRGM is followed by a second
utility sort routine which sorts the 15-minute observations
by total network volume within each set of 15-minute periods

Program BRKFIL

The next program, BRKFIL, disaggregates the file
generated by the sort routine into separate data sets de-
fined by MOE.

Program ENDPRNT

The final program in the sequence, ENDPRNT, prepares
a printed report of selected summary information from the
file generated by BRKFIL including the link-use vector and
the header records, sorted by network volume within each
overall 15-minute time period.

ASSEMBLY AND PROCESSING OF MOVING CAR DATA

The second major data set used in the analysis was
developed from a series of travel time runs through the
network. The routes involved and the procedures used to
collect and code the data have already been described
previously. A series of computer programs was prepared to
reduce and check the raw data. The programs compute a
series of "moving car" measures of effectiveness similar,

53



but not identical to, those used in the UTCS detector analy-
sis. Standard data sets are then constructed which are used
as input to statistical evaluations.

Calculation of Measures of Effectiveness

Each of the moving car routes was divided into a series
of links, bounded by signalized intersections. During each
run, note was made of the times when the vehicle entered
each link, stopped in traffic (due either to traffic delay
or a change in signal indicators) , and started moving after
a stop. All times were recorded cumulatively from the
start of each run. Where multiple stops and starts occurred,
all were recorded. Separate measurements were also made to
determine the length of each individual link in the field.

The data from the original travel time records were
then coded for machine processing. For each link, link
identifier was first noted, followed by the clock times
associated with each of the events noted above. If the
vehicle moved directly through the link without stopping,
only a single time was recorded, that of link entry. If
the vehicle stopped one or more times, two additional times
were recorded for each stop. Finally, the entry time to
the next link downstream was recorded and any coding or
unusual traffic conditions flagged.

These data are used to construct four simple MOE ' s for
each link and, subsequently, for the entire travel-time
route:

. Total travel time (seconds)

,

. Stopped time delay (seconds)

,

. Number of stops, and

. Average speed (mph)

.

Travel time is computed simply as the difference in
entry times for successive links. Average speed is then
calculated from the estimated link travel time and the
appropriate link length. Number of stops is estimated by
counting the number of time observations recorded for each
link and subtracting two from the total. Stopped time
delay is calculated as the sum of the differences of the
observed "stop" -"start" times for the link.

As in the case of the UTCS detector data, groups of
successive links along the line of a travel time run are
clustered together into subnetworks to provide an addi-
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tional base for analysis. These subnetworks are illustrated
in Figure 16. The overall routes have been shown previously
on Figure 9. Each of the MOE ' s is then aggregated across
each subnetwork, speed being recomputed from the total
travel time and the sum of all link lengths for the sub-
network .

Processing the Data

A second set of computer programs was developed to
process the travel time data.

Program MC2

The first computer program, MC2, was developed to per-
form the MOE calculations noted above. The program also
performs extensive error checks on the raw data. Because
of the volume of data involved and the relative complexity
of the manual operation, these checks are extremely impor-
tant.

Most of the errors discovered by the checks were caused
by simple coding or key-punching mistakes and were readily
rectified. A lesser number resulted from problems in inter-
preting the raw data and were resolved by making appropriate
estimated based on the observed trajectory of the vehicle
through the link. In instances where this could not be
done, the observation was flagged as "unusable."

Program MC2 produces a standard output data set, con-
taining a header record for each observation and the MOE
values for each link.

Program MCPLUG2

A second routine MCPLUG2 was written to substitute
appropriate average values for each of the unusable data
items identified by MC2. Averages across all observations
for each link are computed and substituted for the elements
flagged by MC2. The program operates in the same general
fashion as program CONFIL described earlier. It produces
an output data set identical in format to that generated
by MC2.

Program MCSTRIP

A third program, MCSTRIP, takes the output of MCPLUG2
and separates the various MOE ' s into individual data sets
for use in statistical comparisons. A header record is
also produced, containing the route, date, start time, and
duration of each run. These records are used in the sample
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Figure 16. Subnetworks of moving car routes.
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selection process described subsequently.

Program MCOND

The link level MOE ' s are used as input to a fourth
program, MCOND, which computes aggregate MOE estimates by
subnetwork. They currently consist of all consecutive
links along individual streets, excluding the first link
following a turn. As noted earlier, estimates of "Total
Travel Time", "Total Stopped Time Delay", and "Total Number
of Stops" for each subnetwork are computed by simply summing
the original link values. "Average Speed" for the sub-
network is recomputed from the appropriate "Total Travel
Time" and the cumulative sum of link lengths. An output
data set similar to that produced by MCSTRIP is prepared,
with one record identified for each subnetwork and for the
route as a whole.

STATISTICAL ANALYSIS

The data sets developed from the UTCS detector infor-
mation and the moving car runs were used as input to a
series of statistical analyses.

The analyses were designed to compare each control
strategy alternative with its equivalent "base-case" and
to identify any statistically significant differences in
traffic performance. The comparisons were made on a link-
specific, subnetwork, or network-wide basis for each of
the three different times of day identified earlier. In
addition, comparisons were also made of the results obtained
from the detector data and those obtained from the travel
time runs.

All of the statistical calculations were performed
using a modified version of the UTCS-1 Network Simulation
Model "Post-Processor", developed previously for the
Federal Highway Administration.

Peat, Marwick, Mitchell & Co. and KLD Associates, Inc.,
"Network Plan Simulation for Urban Traffic Control Sys-
tem", (Phase II: Technical Report), Report No. FHWA-

RD-73-83 , U. S. Department of Transportation, Federal
Highway Administration, Office of Research and Devel-
opment, Washington, D. C. , 1973.
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Structure of Statistical Comparisons

The basic structure of the statistical comparisons of
alternative strategies is illustrated through references
to Figure 17. Two separate data arrays are developed, one
for the experimental strategy, the other for the equivalent
"base-case". Each matrix consists of a sequence of obser -

vations made across all links in the network for a particular
time-of-day. Separates matrices are developed for each MOE.

In the case of the detector data, the observations
take the form of standard, 15-minute MOE summaries, defined
in terms of successive 15-minute time periods for a parti-
cular time-of-day. Multiple observations for one 15-minute
time period are obtained by collecting data on several
successive days. The resultant information is then pooled
to create a sample of observations for each link.

For the moving-car data, the observations are based
simply on successive moving-car runs through the network,
with several runs being made on successive days for each
time-of-day interval. Each run corresponds to a single
observation. The data are again pooled to create a single
sample of observations for each link.

Comparisons between the two data sets are then made
by comparing the equivalent distributions of data developed
for each link and subsequently for specific subnetworks
and for the network as a whole.

As noted earlier, data were developed for four differ-
ent experimental alternatives and three equivalent base-
case alternatives. The four experimental alternatives are:
3 Dial, TOD, BPS, and CIC. All of the base-case data were
based on a common set of traffic responsive control (TRSP)
signal settings. Three sets of base-data were developed
to allow for seasonal changes in traffic demand resulting
from the relatively long calendar period over which the
experimental data were collected.

Sample Selection Process

The data sets developed for input to the statistical
analysis programs are based on a relatively complex sample
selection process. This process is designed to control
for two potent: ally confounding sources of variation which
may otherwise significantly impact the analysis. These
are: (1) changes in the overall volume of traffic travers-
ing the network within a given time-of-day interval, and
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Observation No.

Link 1 2 3 4 5 6 7

Link 1

Link 2

Link 3

a) . Experimental Strategy

Observation No.

Link 1 2 3 4 5 6 7

Link 1

Link 2

Link 3

b) . Base Case

Figure 17. Structure of statistical comparisons
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(2) changes in the pattern of traffic movements within the
network over the same interval. These effects, if uncon-
trolled, may dominate the effects of changes in signal
control settings on the selected measures of network per-
formance. That is, they may mask differences observed
between the experimental alternative and the equivalent
base-case. The structure of the data precludes handling
these effects ex-post facto , by means of covariance or
similar statistical analysis. It is, therefore, necessary
to control for the effects in sample selection. The
following is offered in discussion of the situation.

The UTCS network is relatively large and non-homogenous.
The level and pattern of traffic traversing the network
changes appreciably over even relatively short time periods
(e.g., the two and one-half hours of the a.m. period). This
is due in part to variations in working hours, and hence
traffic volumes in different parts of the network over the
study period, and in part to pre-programmed changes in
traffic control measures.

The problem is particularly acute in the a.m. and p.m.
periods. Traffic volumes in both cases tend to peak at
different times in different parts of the network. Lane
utilization changes markedly, turning controls vary, and
there is significant variation in the level and enforcement
of parking regulations. Many of these controls are not
uniformly in effect throughout the analysis periods.

The fact that the field experiments were, by necessity,
performed over several months leads to an additional set of
concerns about systematic changes in overall traffic volumes
and network travel patterns. The former issue is parti-
cularly important in light of driver response to the energy
problems, which developed in the course of the study, and
which affected the level of both regular commuter traffic and
also more general business and recreational traffic. Sig-
nificant variations in the total volume of traffic using
the network occurred over the period during which the
data were collected.

The successful evalation of the various control alter-
natives clearly requires that these volume and pattern
differences be considered. Adequately sized total samples
of data were deliberately collected so that selective
sample control could be invoked to allow for these condi-
tions .
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One approach which was considered was the stratifica-
tion of the various data samples into a set of homogeneous
subgroups for analytical purposes. This approach was
rejected, since it would have led to such a large number of
comparisons that synthesis into meaningful evaluative state-
ments would have been extremely difficult, if not impossible.

An alternative approach was therefore adopted, in which
a single, large sample was developed as the basis for each
set of control alternative and time-of-day comparisons. This
sample was then subjected to a structural edit to insure
that all statistical comparisons involved compatible traf-
fic conditions. The eidt (or sample selection procedure)
was designed to control for two major sources of variation;
changes in traffic patterns , and changes in traffic demand .

Major variations in both pattern and demand were first
eliminated by the exclusion of Monday mornings and Friday
afternoons from all data collection. Similarly, the process
of data collection was designed to produce roughly equal
amounts of data for the same days of the week in each sam-
ple.

The basic control used to adjust for remaining pattern
differences is clock time. The peaking characteristics
of individual links were established and found to be
extremely regular from one day to the next. Similarly, it
was found that changes in traffic controls usually occurred
at the same specific times each day. Assuming that the
pattern of traffic movements does not change markedly over
a 15-minute interval, a sample of UTCS detector data, con-
trolled for pattern differences, may therefore be obtained
by selecting equal numbers of 15-minute observations from
the two data sets to be compared for each 15-minute time
period within a time-of-day interval

.

Systematic changes in demand are somewhat more difficult
to control. A reasonable surrogate, however, would appear
to be total network volume, summed over all links for each
15-minute observation period. A simple test of overall
volume compatibility was therefore developed. This test
is invoked after the control for traffic pattern variation
outlined above.

Operationally, the approach used is to sort the avail-
able data file for each control strategy first by 15-minute
time period and then by aggregate network volume. Thus,
the basic output file contains all records for a given 15-
minute period, followed by those for the next period, etc.
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Within each 15-minute period, the records are further ranked
by network volume. A simple volume matching technique is
then used to eliminate gross biases caused by systematic
differences in overall volume levels. This is done by
insuring that the data points selected for final analysis
span roughly-equivalent volume ranges.

The procedure is based on an examination of the differ-
ences between the upper and lower extremities of the dis-
tributions of value levels developed for the two control
alternatives under analysis. If the difference exceeds a
pre-specif ied maximum value, the extreme value is rejected.
The revised extremes are then tested, successively, until
the distributions meet the criteria for comparability.
The criterion used to eliminate data points may be summa-
rized as:

k = (max (H, , H_) - min (L, , Lj)/(max (n, , n
2

)
- 1)

where H, and H~ are the highest observed values for distri-
bution I and 2 respectively, L. and L- are their lowest
values, and n

1
and n

2
are the respective sample sizes.

Nominally the values of n and n~ are equal and in practice
seldom differ by more than one.

This criterion was selected over several potentially
more stringent standards. It is designed to avoid the
extreme case in which alternating points are eliminated from
the two distributions in turn, leaving only a very small
final sample size. This obviously is a condition to be
avoided when each sample has a nominal initial size of only
8. The criterion is also relatively robust over a wide
range of volume conditions.

Once compatible distributions have been identified in
terms of their relative volume ranges, the resulting sam-
ple sizes are compared. If they are equal, the sample is
accepted and the process advances to the succeeding 15-
minute period. If they are unequal, the point closest to
the mean is eliminated from the larger distribution until
the two samples are the same size. In actual practice, it
is seldom necessary to eliminate more than one point in
this manner. The process, it should be noted, preserves
the range compatibility developed earlier while also re-
ducing the variance of the distribution in question by a
minimal amount.

In summary, the sample selection process outlined
above is designed to insure that statistical comparisons
are made between alternatives containing measures computed
under compatible conditions. Adjustments are made for
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pattern changes by insuring that equal samples are drawn
from each 15-minute period. Systematic changes in demand
are addressed by matching distributions of network volume
ranges within each 15-minute period.

The result is a pair of compatible data matrices,
containing equal numbers of observations developed under
comparable traffic conditions. Figure 18 illustrates the
process in terms of a simple, numerical example. Figure 19
summarizes the final joint sample sizes employed for each
experimental/base-case comparison as compared to the original
number of observations available from the raw data. The
reasons for eliminating points from the data sets are also
summarized.

Note that in no instance did the final joint sample
size fall below 37 points and that in all but three instances
it exceeded 50. Of the points eliminated, slightly less
than half were removed as a result of demand matching rather
than pattern matching. On the average, the match process
resulted in an effective decrease in the maximum possible
sample size of roughly 20 to 25 percent.

While it is in no sense argued that this approach is
the only one to be followed, it is felt that it permits
the analyst to identify systematic changes in network traf-
fic performance which are attributable primarily to changes
in the traffic control system, as opposed to fluctuations
in traffic demand. The sample sizes involved are suffi-
ciently large to permit the selective exclusion of data
points, without endangering the viability of the statis-
tical comparison. The selection procedures are structured
so as to reinforce rather than reduce the rigor of the
tests employed.

Statistical Tests

Once compatible data matrices have been developed, they
are subjected to each of three major statistical tests.
Three tests were employed rather than one to permit diffe-
rent types of comparisons to be drawn, and also to allow
for varying assumptions concerning the nature of data. The
three tests employed are:

. Two-Sample Student's "t" test;

. Mann-Whitney "U" test, and

. Kolmogorov-Smirnov two-sample test.
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Figure 18. Illustration of matching logic
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The two-sample Student's "t" test is used to compare
the mean, values of the two data sets. It requires a strin-
gent set of assumptions concerning the nature of the data
and the independence of the two samples. Provided these
assumptions are met, it is an extremely powerful discrimina-
tor.

The Mann-Whitney "U" test is a non-parametric alterna-
tive to the "t" test. It is used here to test whether the
"experimental" and "base-case" data sets could have been
drawn from a common statistical population. The "U" test
requires significantly less stringent assumptions than the
"t" test, and, particularly for large samples, is virtually
as powerful a tool as its parametric alternative.

The Kolmogorov-Smirnov two-sample test is used to test
for overall differences in the distributions of the two
data sets under analysis. It is also non-parametric in
nature and requires less rigorous assumptions concerning
its input data than the "t" test. It is a somewhat more
powerful test statistically than the "U" test when only
very small samples are involved.

All three tests are employed in both the "one-" and,
the "two-tail" mode at different points in the analysis.
Significant differences, where they occur, are identified
at the 5%, 2% and 1% level. No attempt will be made here
to describe the structure of the individual tests in detail
Excellent discussions are given in several statistical
texts. For example:

. U. S. Department of Commerce, National Bureau
of Standards, "Experimental Statistics", Handbook
#91 , U. S. Government Printing Office, Washington,
D. C, 1963.

. Siegel, S. , Non-Parametric Statistics , McGraw-Hill,
New York, 1956.

The "one-tail" mode is used to identify situations in
which the experimental data are significantly larger
(or significantly smaller) than the equivalent base-
case data. The "two-tailed'' test is used to simply
identify the presence of a difference between the two,
independent of direction.

Where a 1% level of significance implies, for example,
that an observed difference between the two data sets
could have arisen by chance only one time out of a
hundred were both samples drawn from the same popula-
tion.
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A number of additional, general points should, however,
be noted. It was originally intended to base the analysis
on a succession of paired-comparisons of individual data
elements (e.g., one 15-minute observation on a Tuesday, for
Link #1 under the base-case, versus an equivalent, single
observation from the experimental data set) . This idea
was dropped because of the difficulty involved in developing
meaningful matched pairs for comparison. The three tests
finally used were selected as those most meaningful for
successive , two-sample comparisons where the structure of
the data sets being compared varied from one comparison to
the next.

It should be emphasized in this context that the anal-
ysis was explicitly designed as a succession of two-sample
comparisons. It was not designed to be a pooled analysis
of all data sets performed simultaneously.

This latter approach would be theoretically desirable
as a complement to the two-sample comparisons described
here , provided that a single common data base for compari -

son could be developed . The variation both in volume and
traffic patterns across the network for the various experi-
mental alternatives, however, precludes such an analysis
unless these confounding effects are ignored. That is, it
is not possible from the data available to develop suffi-
ciently large compatible data samples, matched over a full
range of volume levels, traffic patterns, and common links,
for all four experimental alternatives, to permit a mean-
ingful pooled analysis to be performed.

The effect of restricting the analysis to two-sample
tests only is to slightly overstate the significance of
observed "experimental/base-case" differences compared to
the equivalent results which would be obtained from a
rigorous pooled analysis. For example, a difference between
two sample means which is found to be significant at the
5% level on the basis of the two-sample tests outlined here
is equivalent to approximately a 10% significance level for
a pooled, three-sample analysis and a 14% level for a pooled,
four-sample test. Similarly, a 2 and 1/2% significance
level for a two-sample test is equivalent to a 2% level for

The term "pooled" is used here to denote an analysis to
determine whether all "experimental" and "base-case"
data sets could have been drawn from the same statis-
tical population, considering all information simul-
taneously. This differs markedly in concept from the
sequence of successive, two-sample comparisons called
for in the discussions above.
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a three-sample comparison and a 3% level for a four-sample
comparison.l

The set of tests outlined above would have to be
modified and/or replaced with other forms of analysis in
order to make any such "pooled" comparisons more formally.
This could be done by replacing the Two-Sample Student's
"t" test with a multiple sample "t" test utilizing the
studentized range "q" rather than the standard student's
"t" distribution. The two non-parametric tests employed
here cannot be extended directly to the multiple sample
case. They would have to be replaced with either an
Extended Median Test or a Kruskal-Wallis One-Way Analysis
of Variance by Ranks.

It should be emphasized that this discussion in no
sense invalidates the use of successive, two-sample compari-
sons. It simply underlines the importance of interpreting
their results correctly. A further examination of the
tests and procedures is being developed for the next series
of evaluations (second and third generation testing)

.

DATA PROCESSING SOFTWARE

Two sets of computer programs were developed to per-
form the sample selection and subsequent statistical analy-
ses. The first of these (see Figure 20) was designed
around the UTCS detector data; the second around the moving
car information. The function of each of the major pro-
grams in each set is outlined below. More detailed docu-
mentation is again given in Volume 1. Technical Appendices

Program Chain for UTCS Detector Data

Program NETCON

The first program in the chain is NETCON which matches
the two "link usability" vectors for the two data sets to
be analyzed and creates a single, common vector represent-
ing the lowest common status of the two original data sets.

For a more detailed exposition of this point, reference
may be made to the National Bureau of Standards Hand-
book #91 , "Experimental Statistics" cited earlier (pp.
3.40-3.42) and to C. W. Durnett, "A Multiple Comparison
Procedure for Comparing Several Treatment with a Con-
trol", Journal , American Statistical Association,
December, 1955.
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Program

NETCON

Program

PREPOST

Program

CONDNS

Program

POST

Matches two "link usability" vectors
and creates a single, common vector.

Creates two "matched" data arrays for
comparison based on volume range and
sample size.

Creates summary MOE ' s by subnetwork.

Performs statistical comparisons between
two matched data sets on both a link-
specific and a network-wide basis.

Figure 20. UTCS/BPS evaluation software program
chain for two sets of UTCS detector data.
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Estimated network volumes are then recomputed for each data
set based solely on the set of matched links. An exogenously-
specified link usability may be used if desired, primarily
to exclude certain links which would otherwise be included
in the analysis. Two output header records, one for each
alternative, are produced which are then resorted by
revised network volume within each 15-minute time-of-day
period.

Program PREPOST

The sorted header records are next read by program
PREPOST, a volume matching routine. The program examines
each 15-minute time-of-day period successively and compares
the range of the two volume distributions against a pre-set
criterion value. This criterion "c" corresponds to the
range matching criterion discussed previously. It is re-
presented in the program as:

C = max(MAXVOLl, MAXV0L2) - min(MINVOLl, MINV0L2)
min(NOBSl, N0BS2)

This indicates that the criterion "c" is the difference
between the larger of two maximum volumes and the smaller
of the two minimum values divided by the smaller of the
two numbers of observations. The resulting value is essen-
tially an expected volume interval. If the differences
between the two maximum values exceeds the criterion, the
larger of the two points is eliminated. A similar test
is applied to the minimum values. The tests are continued
between the resulting extreme values until the criterion
is no longer exceeded.

After removing the appropriate extreme values, the two
samples are next reduced to equal size by eliminating
observation (s) from the larger sample. In order to maintain
similar ranges, values closest to the mean of the larger
sample are eliminated. This procedure again corresponds
to that described earlier.

Nominally, each 15-minute period should contain eight
observations for each alternative. In practice, one or
more missing observations frequently occurred, so that
a sample size balancing operation was necessary even
without eliminating any points because of extreme
differences in volume. Sufficient points (nominally
88, 64, and 80 for a.m., midday, and p.m., respectively)
were included in the data collection design, so that a
well-structured sample could be developed and retain a
large size for statistical purposes.
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PREPOST produces only a revised observation usage
vector which is subsequently used by the post processor to
select data points for statistical analysis. A printed
summary of the matching process is prepared as well.

Program CONDNS

An additional program, CONDNS, is next run to accumu-
late all MOE's by subnetwork. The definition of the sub-
networks may be specified by the user. The same links may,
if necessary, appear in more than one summary subnetwork,
while certain links may be eliminated entirely.

For the purposes of the present study, summaries were
prepared for the following subnetworks:

. UTCS network sections #1, #2, #3, and #4
separately; sections #1 and #2, and #3 and
#4 together;

. All major streets in UTCS sections #3 and
#4; I Street, K Street, Pennsylvania Avenue,
Constitution Avenue, 17th Street, 18th Street,
and 19th Street;

. The entire network.

Four "aggregate MOE's" are computed for each subnet-
work, based upon the common link use vectors specified for
the comparison in question. As defined earlier, the MOE's
are; total average queue, total number of stops, total
vehicle minutes of travel, and total vehicle minutes of
delay.

The first two of these aggregate MOE's are computed
simply by summing individual link values. The latter two
measures are computed by multiplying the average travel
time and average delay for each link, respectively, by the
total volume for the link and then summing the resultant
products across all links in the subnetwork. Meaningful
network-type statistics cannot be developed from the
original, link-specific speed or occupancy data.

Program POST

The link and observation use vectors derived from pro-
grams PREPOST and NETCON are used as control for two
separate runs of the statistical evaluation program, POST.
As noted earlier, this program is based on a modification
of the Post Processor module developed as part of the UTCS-
1 Network Simulation Model.
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For the link level analyses, the original data sets
from program BRKFIL are used as input to POST, modified as
appropriate by the revised link and observation vectors
generated by program NETCON. Aggregate subnetwork MOE '

s

from CONDNS are used as input to a second POST run, subject
to the same link/observation selection controls. Although
the same subnetworks are always used, the composition of
the links used in computing the MOE ' s may differ among
various runs, depending upon the link use vector control
over CONDNS.

Program POST next performs the set of three standard
statistical tests described earlier and prepares a standard
output report for each MOE. An example of this report is
shown in Figure 21. It includes a statement of the two
alternatives being compared; the MOE involved; the mode of
analysis (e.g., link, subnetwork, etc.); and the sample
size used. For each link (or subnetwork) , the following
data are then summarized:

1. link name;

2. estimated mean values and variances for the
MOE for the base case (Condition "A" ) and
the experimental case (Condition "B" );

3. difference between the two mean values,
computed as a percentage of the base case;

4. the values and significance of the test
statistics for each test.

This latter information is displayed as a series of
asterisks, with one asterisk representing a difference
significant at the 5% level, two asterisks representing a
2% significance level, and three asterisks a 1% level.
The Kolmogorov-Smirnov test also includes an indication of
which of the two distributions being compared is the
"larger .

"

Program Chain for Moving Car Data

The moving car analysis proceeds in a similar fashion
as discussed below.

Program MCV0L2

The header records from MCSTRIP are read by a volume
assignment program, MCV0L2, together with the header records
from the equivalent detector runs, after the matching
operation performed in PREPOST has been completed. MCV0L2
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computes a matrix of network volumes for each date and
15-minute period, estimating any missing values and extra-
polating volumes into the preceding and following 15-minute
periods, i.e., 3:45 and 6:45 for the p.m. comparisons.

The starting time for each moving car run is matched
against this matrix. The network volume for the period
closest to the starting time is recorded. If the duration
of the moving car run exceeds 15 minutes, volumes for
successive time periods are extracted and averaged. If no
matching time period is found, an error message is generated
and the observation is flagged unusable. The program then
writes an updated header with the averaged network volume
for the period during which the run was made. Separate
runs of MCV0L2 are made for each of the two data sets being
compared.

Program MCMTCH2

The header records from MCV0L2 are then sorted by
volume and the two data sets are read by a volume matching
routine, MCMTCH2, adapted from the equivalent detector
program, PREPOST. Similar logic is employed to eliminate
outlying points from the two distributions and then sample
sizes are balanced. Again, this match is made with the
entire set of observations, nominally 25 to 30 or more
without regard to time period. An observation usage vector
is produced, equivalent to that generated for the detector
analyses

.

Program MCCNTL2

The various observation and link use vectors and other
control cards required for the statistical analysis program,
POST, are generated by a special purpose routine, MCCNTL2

.

Control for both the link level and subnetwork POST runs
are prepared. MCCNTL2 has the capability to accept exo-
genously specified link and observation usage parameters,
particularly to eliminate links in the case of special
events or traffic control problems. The control cards from
MCCNTL2 and data from MCSTRIP and MCOND are used as input
to the two post processor statistical analysis runs. As
noted previously, all moving car analyses were performed
separately for each route, primarily because of differences
in sample sizes.

NETWORK-WIDE ANALYSES

Simple comparisons of traffic performance for indivi-
dual links and subnetworks do not necessarily present a
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complete picture of overall, network-wide performance. In
particular, the relative importance of specific links (e.g.,
along the line of a major arterial route) may be obscured
when average values alone are examined. Therefore, some
mechanism for "weighting" the link results by the "impor-
tance" of the link was desirable. Several approaches to
this problem were examined. The final approach chosen
focused on a simple comparison of network-wide vehicle
minutes/vehicle miles of travel.

Analysis of vehicle minutes and vehicle miles of tra-
vel permits a number of comparisons that cannot be readily
accomplished using other measures of effectiveness. Two
chief benefits are the establishment of a measure incor-
porating volume as a weighting factor, and the capability
of summing results across a sequence of links.

For the current study, limited data of this type could
be developed from the field data collection, using data
collected from road tubes for volume and average travel
times on selected routes. However, as noted in the next
chapter, the coverage across time was found to be extremely
sketchy, as all of the road tubes were seldom fully opera-
tional. More importantly, almost none of the locations
consistently produced data for all different alternatives
so that comparative analyses would have been impossible.

Therefore, it was decided to use the UTCS detector out-
puts as the base data for the analysis. Since the perfor-
mance measures are computed only for the detectorized portion
of the link, the total "trap" length is used for computing
vehicle miles. Vehicle minutes of travel and vehicle
minutes of delay are both computed from other detector MOE ' s

.

A special purpose computer program, VEHMIN, was written
to perform the necessary computations. Measurements of
individual link performance are made by computing both ve-
hicle minutes of travel and vehicle minutes of delay mea-
sures for two alternatives to be tested and displaying the
positive and negative differences in average values across
15-minute sampling periods. Vehicle minutes are also accumu-
lated for each of the four sections of the UTCS network and
for the network as a whole.

The relationship between vehicle minutes and vehicle
miles can be conveniently shown graphically. A regression
line fitted to this display then yields a quasi-spread-
related performance measure for the network as a whole.
Such vehicle minutes/vehicle miles plotting and regression
analysis has been successfully used by FHWA in the evaluation
of alternative signal settings in San Jose. However, serious
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congestion did not occur in the San Jose network and reason-
ably stable relationships could be generated.

The UTCS network is extremely congested over much of
the day and for many of the links. As congestion increases,
vehicle minutes begin to accumulate much more quickly than
vehicle miles. Eventually, breakdown occurs so that further
increases in vehicle minutes actually result in lower ve-
hicle miles. A "backward-bending" curve of the sort shown
in Figure 22 then results. This curve is generally well
defined at lower traffic levels and much less well defined
at higher levels of vehicle miles of travel. In particular,
the distribution of points about the "nose" of the curve is
typically extremely broad and erratic.

The data collected in the present study, unfortunately,
fell almost exclusively in the "nose" of the curve. Graphi-
cal plots for each control strategy were prepared for each
subnetwork and for the network as a whole. In nearly
every case, most of the points fell in the "nose" area, with
a short "tail" in the rising portion of the curve, made up
of points observed before congestion developed. In a few
instances, many points appeared to have been collected past
the "nose" and the curve showed the backward-bending char-
acter noted above.

Plots were prepared for each alternative being compared.
In some cases, distinction between the plot of one alterna-
tive versus the other was discernible, but frequently the
points simply yielded an undifferentiated cluster. Obviously,
regression coefficients for such data were virtually mean-
ingless and their use in inputing a pseudo-speed is invalid.
Some other mechanism for overall evaluation was required.

After lengthy consideration of alternatives, a simple
subnetwork speed was determined to be the most appropriate,
simple measure. These values are computed by summing ve-
hicle miles and vehicle minutes for all links in the sub-
network, then dividing the former by the latter and convert-
ing to miles per hour. A simple numeric average speed for
all observations is then computed as a single evaluation
measure. These computations are performed for all comparisons
and are included in the results of primary comparisons in
the next chapter.

SUPPORTING ANALYSES

A number of supporting analyses were undertaken for
specific purposes during the conduct of the study. Some
of these were directed at measuring the performance of the
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UTCS detectors against field observations. Others were
performed upon specific data elements collected for only
certain comparisons or at a limited number of locations.
Each of the major supporting analyses is noted briefly in
the following paragraphs. They are discussed much more
completely, with selected results and conclusions, in the
next chapter.

A special study was initiated early in the project to
compare the traffic volumes noted from the UTCS detectors
with direct field observations. Observers were stationed
at several representative locations and recorded volume
counts by lane by cycle. Other observers recorded cycle-
by-cycle volumes from the cathode ray tube monitors at the
UTCS control center. These latter volumes, which are
"smoothed" by the system, were subsequently converted to
actual counts and compared with the field data. Comparisons
between detectorized lanes and for the total approach were
made.

During the conduct of the first several evaluations,
road tubes were installed on 25 representative approaches.
Continuous counts were maintained at many of the locations
and 50% sampling at the remainder. These data were reduced
for the time periods used in the other analyses and compared
with lane volumes measured by the system detectors.

Films of traffic performance at several key locations
were made from 16 mm cameras mounted on roof tops. Diffi-
culties were encountered in obtaining adequate field of
view and with the mechanical aspects of the cameras. Some
data were collected on link content, analogous to the queue
measurement recorded by the detector system, and the suit-
able comparisons were made.

An alternative to film data collection was undertaken
on a pilot basis during the collection of data for the
revised CIC evaluation. Stopped time delay was measured at
a critical intersection and summarized by 15-minute inter-
vals. Simple comparisons were made between the two alter-
natives and between the detector measurement of average
delay and the computed stopped time delay for the 15-minute
summaries

.

Finally, a great deal of data were collected on bus
performance under BPS and during the equivalent base data
collection period. These data included detailed bus per-
formance at critical locations and overall performance of
buses along major routes. Special analyses were also per-
formed for the effect of the BPS operation on link perfor-
mances as measured by the UTCS detectors and derived

79



measures of effectiveness. A description of the analyses
follows

.

BPS Analysis

The operation of BPS may have profound effects upon
overall link performance as measured by the detectors and
reflected in the MOE computations. The direct impact, of
course, is the increase of green time for the link where
the BPS actuation was received. This time obviously is
available to other traffic on the link, as well as serving
the bus for which it was granted.

This extension could have negative long-term impacts,
however, as the green increase effectively destroys the
offset of the intersection and the progression along the
link. For congested conditions in the downtown grid, this
effect may be minimal. On an arterial, particularly at
critical offset locations, the effect of offset shifts might
be quite harmful.

The effect upon offset is magnified somewhat by the
relative rarity of actuations at several locations. In
these cases, the offset may be changed to a particularly poor
setting and then remain at that setting for some time before
another bus equipped with a detector passes by. Thus, the
intuitive notion of perpetually shifting offsets caused by
frequent bus actuations may not be accurate under current
conditions

.

The link green extension also affects the opposing
traffic (traffic on the same street going in the opposite
direction) . In most cases the phase extended runs concur-
rently with opposing direction movement. The green exten-
sion, therefore, impacts this opposing flow in the same
manner as the activated link. However, in some instances,
the change in offset may be such as to favor the opposing
approach, particularly if it contains the lesser volume
and less favorable nominal offset.

The increase in green time for a link also affects
the cross traffic. An initial delay occurs, of course,
whenever an increase is granted and the effect upon offset
is similar to that for the other approaches. Although a

minimum green time is assured for the cross traffic, the
total amount of green time over an extended period must be
reduced as the effect of the extensions cannot be "madeup".
This potential problem in all likelihood arises very seldom,
since for those locations where a small loss in overall
green time would seriously compromise performance, the BPS
control would be overridden by the volume and weighted
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occupancy criterion before capacity problems developed.

Finally, the granting of green extensions can occur
both when a bus is traveling loaded in the peak direction
and when it is returning or "dead-heading" for a subsequent
run. In these cases, the green extensions would be granted
to the lesser volume direction and the offsets altered
accordingly. Since the "dead-heading" buses would be run-
ning with the traffic stream against the signal progression,
it is probable that they would activate the BPS system.

Detector Analysis

A detailed examination of bus activity from the 15-
minute summary tape was undertaken to classify the bus loca-
tions. Data for approximately forty 15-minute periods were
examined. Off-peak conditions were not examined due to the
extremely small number of detector-equipped buses on the
street.

BPS activity was estimated by summing the total number
of buses helped at each location and also noting the number
of 15-minute periods for which activity occurred. Although
a few locations showed activity in 8 percent or more of
the periods, the average values were much lower. Similarly,
the total number of buses helped exceeded 50 at only a
limited number of locations . This is indicative of rather
low BPS activity, since the 4 sample points of 15 minutes
each represent approximately 450 cycles.

In spite of the low overall levels, the locations did
show definite groupings. Some locations were eliminated
as they recorded almost no activity. The remaining loca-
tions were classified into low, medium, and high activity
locations, with "high" being a relative term and still
representing low absolute activity. The locations eliminated
due to virtually no activity reduced the total sample of
BPS locations to 40 for the a.m. period and 36 for the p.m.
period, with 45 different locations being represented over-
all.

Each location was first classified as to the peak bus
flow direction. A few links, such as on K Street, had
buses on different routes with both characteristics. All
other links were then classified as either peak or off-peak
direction for the a.m. analysis and the opposite classifi-
cation for p.m. Links with both types of buses were
included with the peak direction data for both analyses.
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Opposing and cross flows were then identified for each
link. In most instances, since the BPS detectors covered
multiple approaches to an intersection, each detector was
classified both as an analysis link and as an opposing
link and cross link for other comparisons. For each bus
detector, the corresponding link detector was identified.

The vehicle minutes of delay values computed as part
of the vehicle minutes/vehicle miles analyses were considered
to be the best measures for assessing BPS impact on link
statistics. Specifically, the net savings or loss in ve-
hicle minutes of delay with BPS over the base case was taken
as the primary measure.

Each link was assigned to one or more cells, classified
by BPS activity, bus flow direction, and analysis link,
opposing link, and cross link. The net change in vehicle
minutes of delay was recorded for each occurrence of a link
within this matrix. The average vehicle minutes per link
was then computed, together with the number of links appear-
ing in the cell as a sample size.

Field Data Analysis

Bus performance data was collected manually at three
intersections and along two physical route sections cover-
ing three series of bus routes. The concentration of the
data collection was to insure that a data sample would be
large enough to adequately measure the impact of the BPS
operation.

For the analysis of bus performance at the individual
intersections, data was collected for three time periods
and four days at each location.

For the examination of bus performance over a desig-
nated route, data was collected for three time periods over
four days at the two designated entrance and exit points
within the system. This special BPS analysis supplements
the detector and moving car evaluation of network perfor-
mance under the BPS alternative as described earlier.

Data collected for each approach was first divided
into specific groups. These groups included buses equipped
with transmitter, buses without transmitter, and all obser-
vations during the TRSP alternative.

A detailed examination of the data was undertaken to
identify the differences in the observed bus delay under
the three operating conditions. The resulting data base
summaries were then analyzed focusing on the performance
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of those buses equipped with the transmitter-detector.

The buses were first separated by classification, i.e.,
equipped or not equipped, and by control alternative. Their
delay times were then aggregated by time period and by
direction. A total summary of bus performance was then
computed. The results were then tabularized with the depar-
ture time being the time required for the bus to travel the
link distance, including the dwell time for passenger load-
ing or unloading and/or traffic signal delay . The link is
designated as the distance from the upstream detector to
the point of the extended curbline across the intersection.

At the first location, 18th Street and Pennsylvania
Avenue, N. W. , a total of 1,079 buses was observed during
the BPS alternative data collection period. This number
includes 416 buses (39 percent) equipped with the detector-
transmitter. During the data collection period for the
base case TRSP, a total of 1,541 buses was observed.

For the route analysis, simple travel time by time
period, route, and equipped/non-equipped status was used.
Differences in travel time were computed.

The results to these studies and the others described
in this chapter are discussed in the next chapter, EVALUA-
TION OF ALTERNATIVES.
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EVALUATION OF ALTERNATIVES

INTRODUCTION

This chapter presents the results of the evaluation
of the five first-generation UTCS traffic control alterna-
tives. The analysis focused on the measures of effectiveness
produced by the UTCS detector surveillance system and
parallel measures derived from the moving car runs. Traffic
performance was also assessed, by special field studies con-
ducted to examine certain operational characteristics of
the individual traffic control alternatives, e.g., bus
travel times under BPS. Additionally, field studies were
performed to assess the validity of several of the evalua-
tion measures generated by the UTCS surveillance system.

PERFORMANCE OF THE CONTROL ALTERNATIVES

This section analyzes the effectiveness of the traffic
control alternatives. The evaluation is based on the analy-
sis of the comprehensive data collection effort described
in earlier chapters. The discussions are structured around
the three major data bases: MOE ' s produced by the UTCS/BPS
detector surveillance system; travel time and delay. profiles
from the moving car runs; and special field studies.

DETECTOR-BASED ANALYSES

Traffic performance was monitored by the UTCS/BPS de-
tector surveillance system on a continuous basis throughout
the test periods for each of the five control alternatives.
The resulting data base of measures of effectiveness sum-
marized by individual links, subnetworks, and for the net-
work as a whole provided the primary means of differentiat-
ing between the performances of the first generation control
alternatives. In addition, a parallel analysis of total
network vehicle miles/vehicle minutes utilized two of the
detector MOE ' s

.

Network Level Performance and Comparative MOE '

s

The relative effectiveness of each of the five traffic
control alternatives during a.m. period conditions is
illustrated in Table 2. Four detector-generated performance
measures are provided—average delay per vehicle; average
vehicle travel time; average queue length; and percent of
vehicles stopped. The table entries are expressed as
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Table 2. Percentage differences in aggregate
MOE's: a.m. period-

Comparison Subarea Delay TT Queue Stops

1 - 1.5 - 0.6 6.9 - 4.2
TRSP
VS

2 - 2.7 - 1.8 3.4* 0.3

3 - dial 3 - 4.0 - 3.2 1.7* 0.4

4 - 5.9 - 2.9 3.0 2.4

TOTAL - 4.0 - 2.8 2.4** 0.4

1 3.9 2.9 - 1.0 2.7
TRSP
vs

2 - 5.8 - 3.8 0..9 - 4.3

TOD 3 - 1.8 - 0.7 1.8 - 1.4

1 4 - 1.3 - 1.6 - 2.1 - 2.8

TOTAL - 1.8 - 1.1 0.7 - 1.9

1 6.9 6.2 • 2.4 3.2
TRSP
vs

2 3.3 3.5 - 1.2 - 0.7

CIC 3 - 2.7 - 2.6 - 5.3 - 4.8

4 4.9 4.0 - 2.1 - 1.5

TOTAL 0.7 0.5 - 3.5 - 3.0

1 3.6 3.3 2.7 0.9
TRSP
vs 2 - 5.7* - 4.3 - 8.5*** - 4.8**

BPS 3 - 1.5 - 1.6 - 4.7 - 2.2

4 - 8.6** - 8.0* - 10.2 - 8.5**

TOTAL - 2.5 - 2.4 - 5.4* - 3.2

* = Significant differences at 5% level
** = Significant differences at 2% level

*** = Significant differences at 1% level

NOTE: A (-) indicates a degradation in the system
as compared to the base system (TRSP) and
a positive value indicates an improvement.
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percentage differences in comparison to the base case (TRSP)

;

a negative value for any measure indicates degradation in
traffic performance under the given control alternative .

Statistical significance of the difference as measured by
the Kolmogorov-Smirnov test is denoted by the presence of
one, two, or three asterisks indicating, respectively,
significance at the 5%, 2%, or 1% level. The evaluation
results are summarized for four subnetworks—corresponding
to the four UTCS control sections illustrated on Figure 23

—

and for the network as a whole

.

At the overall network level, the results indicate
general degradation in performance under 3-dial, time-of-
day (TOD) , and bus priority (BPS) control contrasted with
slight improvement—in delay and travel time—under critical
intersection control (CIC) . These findings are generally
reinforced by the subnetwork results, although Section 1 is
usually enhanced. Sections 2 and 4 under BPS show statis-
tically significant decreases in vehicle (non-bus) perfor-
mance for several of the MOE ' s . The CIC alternative,
however, showed decreases in delay and travel time for all
subnetworks except Section 3. The small overall performance
gain by CIC can be attributed to the relative importance
of Section 3, wich is comprised of the relatively congested
central business area.

An interesting aspect of the results is the apparent
lack of consistency of the queue measurement with the delay
and travel time measurements. This result may be attributed
to the fact that the queue measure is actually link content,
and high values may be generated either with poor progres-
sion and large delay or good progression and low delay.

The comparable performance results for the midday
traffic period are presented in Table 3. The network sum-
maries of delay indicate that only the 3-dial control
strategy showed improvement in the midday period. Similar
to the pattern which occurred during the a.m. period traf-
fic conditions, the performance of Sections 1 and 3 often
appeared to be negatively correlated with the performance
of the other subnetworks for a given control alternative.

Table 4 illustrates the corresponding results of the
p.m. traffic conditions. The network-wide statistics show
significant degradation of performance under the 3-dial
and CIC control methods. In contrast, the TOD strategy
exhibited slight but consistent improvement for all MOE's.

The analysis tables are summarized in the SUMMARY AND
CONCLUSIONS chapter for convenience. No attempt is made
in the text to explain each element of each table.
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Table 3. Percentage differences in aggregate

MOE's: midday.

Comparison Subarea Delay TT Queue Stops

1 - 5.7* - 4.0 - 3.1 - 2.7

TRSP
2 - 6.4*** - 1.8 2.5 - 13.3***

vs
3 - dial 3 2.7 1.9 4.7*** 7.6***

4 - 2.6 - 0.3 10.3*** 10.4***

TOTAL 0.3 0.8 5.0*** 3.9***

1 4.2 3.9 4.6 2.1

TRSP
vs

2 - 4.6 - 2.6 - 1.4 - 4.4

TOD 3 - 4.2** - 3.5** - 1.2 - 5.0***

4 3 7*** 2.1 1.7 1.7

TOTAL - 2.8* - 2.4** - 0.6 - 3.6***

1 2.2 2.2 - 0.6 - 1.3
TRSP
vs

2 - 4.1 - 2.7 - 5.9*** - 4.6***

CIC 3 - 1.0 - 0.6 - 0.9 - 0.8

4 1.5 1.4 - 0.8 - 0.2

TOTAL - 0.5 - 0.2 - 1.6** - 1.2**

1 6.2*** 6.5*** 2.6 - 0.7

TRSP
vs

2 - 6.8*** - 6.0*** - 11.4*** - 9.4***

BPS 3 0.3 - 0.2 - 4.2*** - 2.4

4 - 5.1* - 2.2** - 4.5 - 2.9

TOTAL - 0.8 - 0.6 - 4 .
9*** - 3 .

5***

* = Significant differences at 5% level
** = Significant differences at 2% level

*** -= Significant differences at 1% level

NOTE: A (-) indicates a degradation in the system
as compared to the hase svstem (TRSP) and
a positive value indicates an improvement.
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Table 4. Percentage differences in aggregate
MOE's: p.m. period.

Comparison Subarea Delay TT Queue Stops

1 '- 15.3*** - 12.2** - 9.5 0.8

TRSP
vs

3 - dial

2

3

- 10.3***

2.2

3.8***

1.6

9.2***

3 3***

- 3.2**

1.3

4 3.2** 0.2 7.9** - 3.7*

TOTAL 3.9* 1.9 4.7*** - 0.3

1 8.8 7.6 - 4.8 13.1

TRSP
vs
TOD

2

3

0.7

1.3

0.4

0.7

0.3

1.5

- 1.0

1.1

! 4 5.0 4.1 2.4 0.0

TOTAL 2.0 1.5 1.3 1.0

1 7.6 5.5 - 5.0 - 3.3

TRSP
vs
CIC

2

3

2.8***

- 3.1***

3.3**

2.2

- 3.8***

- 3.1*

- 3.4***

- 2.5**

4 0.0 0.0 0.0 1.4

TOTAL 2.8*** 2.2** - 2.7* - 1.8*

1 4.0 3.5 - 3.2 5.1**

TRSP
vs
BPS

2

3

5.2**

0.6

- 4.0***

0.6

- 16.0***

- 4.9*

- 7.0***

- 3.6

4 3.2 0.8 - 3.5 - 5.0***

TOTAL 0.3 0.0 - 6.6*** - 3.5**

* - Significant differences at 5% level
** = Significant differences at 2% level

*** = Significant differences at 1% level

NOTE: A (-) indicates a degradation in the system
as compared to 'he base system (TRSP) and
a positive value indicates an improvement.
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Substantial variations occurred between different subnetworks
under the same control strategy, e.g., under the BPS alter-
native Section 1 showed a 4.0% decrease in delay while
Section 2 showed a statistically significant 5.2% increase
in delay. Traffic performance as measured by average queue
length again appeared inconsistent with the average delay
measurements. This was particularly apparent for Section 2

under 3-dial control where delay increased by 10.3% while
average queue decreased by 9.2%; both differences were
statistically significant at the 1% level.

The results for the three analysis periods indicate
that the computer base case, TRSP, generally performed as
well as any alternative and generally better than the TOD
and 3-dial alternative. It is also apparent that the
relative differences for the three periods—either positive
or negative--were very small in magnitude, e.g., the range
in average network delay was less than 5%. Traffic perfor-
mance at the subnetwork level varied markedly by time
period, although Section 1 appeared to remain relatively
stable under each of the traffic control alternatives.

Comparisons between the individual measures of effec-
tiveness illustrate a high degree of consistency between
delay and travel time. The percent stops measure also
appears generally consistent with delay, although the
magnitude of the differences varies considerably. As men-
tioned previously, the queue measure does not correlate
highly with the other three performance measures . This
inconsistency together with the definitional difficulty
in interpretation of the measure resulted in the removal
of queue from further consideration as an important indi-
cator of traffic performance during the remainder of the
evaluation effort. As noted earlier, queue at a given level
can relate to two different conditions.

Subnetwork Performance

The overall network of detectorized approaches was
partitioned into two additional sets of subnetworks. The
first set was organized on the basis of cardinal direction
of flow, e.g., all westbound links. The second set of
subnetworks was organized along major arterials within the
network, e.g., all approaches on K Street. The following
discussion of subnetwork performance focuses on average
delay per vehicle as the most representative and important
MOE. It should be noted that Section 1 is composed solely
of two major intersections, M Street at Key Bridge and M
Street and Wisconsin Avenue. Mo more than five detectors
were operational for any of the comparisons, with as few
as two or three for some

.
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The subnetwork results for the a.m. traffic period
are illustrated in Table 5. Using the TRSP base cases for
comparison, traffic performance on L Street was noticeably
poorer under all four control alternatives. Considering
the remaining arterial subnetworks, substantial differences
in average delay are apparent between the control alterna-
tives. Under 3-dial control, only 17th Street was better
than the TRSP base case. The TOD method appears somewhat
more comparable in that the magnitude of the performance
degradation from TRSP is smaller and two arterials were
improved. This is reasonable in that TOD and TRSP use the
same basic timing. The CIC control alternative resulted
in less delay for most of the arterial subnetworks. The
small overall performance improvement with CIC can be
largely attributed to the much poorer performance on L
Street, relative to the TRSP base settings which had been
adjusted to give preferential treatment to L Street. The
BPS control alternative exhibited mixed results with im-
provement on K Street, 17th Street, and 19th Street con-
trasted with increased delay on the remaining arterials.

Overall midday traffic performance revealed more pro-
nounced differences between the subnetworks as shown on
Table 6. The small overall performance gain shown under
the 3-dial case, in particular, masked substantial (and
statistically significant) differences between the subnet-
works: L Street was improved by 18.8% while 19th Street
suffered a 15.9% increase in average delay. The three
remaining control alternatives also produced mixed results,
but the differences appeared to be of smaller magnitude.

Table 7 presents the comparable results for the p.m.
period traffic conditions. The 3-dial case again demon-
strates substantial variation in the performance of the
arterial subnetworks; the 37.0% reduction in average delay
on L Street, because of the preferential signal adjustments,
somewhat offsets the substantial performance degradation
on other major arterials (L Street under the 3-dial settings
had been given high importance for p.m. traffic) . The TOD
signal settings produced a small but generally consistent
improvement in the subnetworks. The CIC case showed
statistically significant improvement along 18th and 19th
Streets which was more than offset by degradation along
K Street and Pennsylvania Avenue. These differences reflect
more balanced delay against the base settings which favored
the east-west movements. The BPS alternative appeared to
have little effect on non-bus traffic performance in the
p.m. period.
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Table 5. Percentage differences in delay
by aggregate: a.m. period.

Subarea

Control Alternative (Compared to TRSP)

3-dial TOD CIC BPS

S 1

S 2

S 3

S 4

S 1 & 2

S 3 & 4.

- 1.5

- 2.7

f 4.0

- 5.9

- 2.3

- 4.4

3.9

- 5.8

- 1.8

- 1.3

- 2.5

- 1.7

6.9

3.3

- 2.7

4.9

4.3

0.1

3.6

- 5.7*

- 1.5

- 8.6**

- 1.8

- 2.7

East

West

North

South

- 4.8

- 13.9***

- 3.0

2.8

- 2.3

- 6.9

0.4

1.3

- 1.9

- 2.1

6.4

- 3.0*

- 7.1

2.5

- 1.5

- 5.4

L Street

K Street

Pennsylvania Ave.

Constitution Ave.

17th Street

18th Street

19th Street

- 12.6**

- 11.8**

- 10.5

- 6.4

1.4

- 8.4*

- 1.8

- 6.0

- 0.4

- 7.8

- 4.0

2.7

- 1.4

1.7

- 19.8***

- 6.6

- 0.3

8.4

3.6

9.6

- 2.2**

- 9.3*

5.0

- 6.2

- 8.7

3.8

- 9.3

13.3**

TOTAL - 4.0 - 1.8 0.7 - 2.5

*

**

***

Significant differences at 5% level
Significant differences at 2% level
Significant differences at 1% level

Note: A (-) indicates a degradation in the system as comparec to the base

system (TRSP) and a positive value indicates an improvement.
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Table 6. Percentage differences in delay
by aggregate: midday.

Control Alternatives (Compared to TRSP)

Subarea

3-dial TOD CIC BPS

S 1 - 5.7* 4.2 2.2 6.2***

S 2 - 6.4*** - 4.6 - 4.1 - 6.8***

S 3 2.7 - 4.2** - 1.0 0.3

S 4 - 2.6 3^ 7*** 1.5 - 5.1*

S 1 & 2 - 6.2*** - 2.3 - 1.4 - 0.4

S 3.S 4 1.7 - 2.9 - 0.3 - 0.9

East 20.6*** - 2.3 - 4.0*** 1.4
1

West 2.8* - 4.0*** 0.6
1

- 3.4

North - 4.9** 0.0 0.8 - 2.6

South - 12.7*** - 5.2*** 3.2* - 0.2

L Street 18.8*** - 5.5 - 8.3** - 3.1

K Street 17.7*** 0.0 - 1.0 2.5

Pennsylvania Ave. 9.6*** - 4.2** - C.4 4.7**

Constitution Ave. 3.1 3.8 - 3.0** - 4.0

17th Street 13.7*** 4.1** 2.8 - 2.1*

18th Street - 13.7*** 5.0** 5.3** - 3.3

19th Street - 15.9*** - 7.4 13.4** 1.4

TOTAL 0.3 - 2.8* - 0.5 - 0.8

* = Significant differences at 5% level
** = Significant differences at 2% level

*** = Significant Differences at 1% level

Note: A (-) indicates a degradation in the system as compared to the base
system (TRSP) and a positive value indicates an improvement.
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Taole 7. Percentage differences in delay
by aggregates: p.m. period.

Subarea

Control Alternatives

3-dial TOD CIC BPS

S 1

S 2

S 3

S 4

S 1 S 2

S 3 & 4

- 15.3***

- 10.3***

- 2.2

- 3.2**

- 11.5***

- 2.4

8.8

- 0.7

1.3

5.0

1.8

2.0

- 7.6

- 2.8***

- 3.1***

0.0

- 4.5***

- 2.3*

4.0

- 5.2**

0.6

- 3.2

- 1.0

- 0.1

East
1

West

North

South

- 6.6**

1.5

- 3.2

2.4

- 0.8

3.6

2.4

- 3.8***

- 8.7***

5.5

- 3.1*

3.3

- 1.5

- 1.6

- 2.2

L Street

K Street

Pennsylvania Ave.

Constitution Ave.

17th Street

18th Street

19th Street

37.0***

- 11.9***

- 17.4***

- 10.2***

3.8

14.8***

1.1

- 0.7

5.4

- 4.0

0.9

5.4

2.8

1.3

0.4

- 9.6***

- 7.4***

0.6

- 5.3

14 .4***

6.9*

8.0*

- 1.3

0.3

- 2.2*

- 3.2

- 2.9

- 6.2

TOTAL - 3.9* 2.0 - 2.8*** - 0.3

*

**

***

Significant differences at 5% level
Significant differences at 2% level
Si-nificant differences at 1% level

Note: A (-) indicates a degration in the system as compared to the base

system (TRSP) and a positive value indicates an improvement.
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Link Performance

The individual link results for the a.m. traffic per-
iod have been summarized in Table 8. The entries correspond
to the number of links which were statistically different
for average delay as indicated by the Kolmogorov-Smirnov
test. The actual magnitudes of the differences are not
presented here, but have been reflected in the previously
tabulated subnetwork results.

The 3-dial signal settings produced far more statisti-
cally significant differences from TRSP than the other con-
trol alternatives. A total of 35 links showed statistically
significant performance losses at the 5% level while 26
links were similarly improved. In contrast, the TOD control
alternative produced statistically significant delay in-
creases for only nine links; however, only three links
performed significantly better than in the base traffic
responsive case. The CIC alternative also produced rela-
tively few statistically significant differences. An
examination of the links affected, however, shows that
several intersections were subjected to delay trade-offs,
i.e., statistically significant improvements on one approach
in conjunction with a significant delay increase on the
competing "cross street" approach. Like the TOD and CIC
cases, the BPS test produced very few statistically signifi-
cant changes; a detailed discussion of the incidence of
these differences is presented in a later section of this
report.

The number of links which was statistically different
during the midday analysis period is tabulated in Table 9.

The 3-dial alternative again exhibited substantially larger
fluctuations than the other control alternatives. A total
of 28 links was improved while 26 links were degraded.
The TOD signal settings produced nine performance decreases
and five links for which delay was significantly decreased.
The CIC control alternative generated only four significant
decreases in delay under midday traffic conditions. The
BPS signal settings impacted 16 links with increased delay
and eight links with reduced delay.

The statistical significance summary for the p.m.
period analysis period is given in Table 10. As in the
previous time periods, the 3-dial case produced the most
statistically significant differences. The TOD control
alternative, in contrast, produced only three delay increases
and five delay decreases; a total of 64 links did not show
a statistically significant difference at the 5% level.
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Table 8. Number of links statistically different for
delay: a.m. period.

Level of

Sianificance

Control Alternative B (Compared to TRSP - "A")

3-dial TOD CIC BPS

Insignificant

5 %, A? b\ Performance

1%, a>b) Usss

5 %, A< B\ Performance

1%, a<bJ ^^^

34

35

29

26

24

65

9

5

3

1

42

11

7

11

5

52

12

6

6

5

Table 9. Number of links statistically different for
delay: midday.

Level of

Significance

Control Alternative B (Compared to TRSP - "A")

3-dial TOD CIC BPS

Insignificant

5 %, A>B] Performance

1 %, A> Bj
Ioss

5 %, A< B\ Performance

l %, a<bJ
Lt*>roved

24

28

23

26

26

61

9

4

5

4

55

10

7

4

2

43

16

10

8

5

Table 10. Number of links statistically different for
delay: p.m. period.

Level of Control Alternative B (Compared to TRSP - "A")

Significance 3-dial TOD CIC BPS

Insignificant 18 64 46 47

5 %, A> b\ Performance 34 3 23 11

1 %, A> Bj
1oss

26 16 8

S %, A<B? Performance
' Improved

30 8 4 4

1 %, A<B 26 3 4 3
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The CIC results also provided a somewhat different pattern
than in the earlier analysis periods; 23 links were signifi-
cantly degraded while only four links demonstrated an
improvement in performance. An examination of the locations
of these links indicates that many of the problems occurred
at intersections subject to heavy p.m. traffic flows. The
BPS case again exhibited few statistically significant
differences in the individual link results.

Global Performance

In addition to the detector MOE evaluation described
above, a parallel series of analyses was undertaken in an
attempt to determine the network-wide or global performances
of the traffic control alternatives. This investigation
focused on the computation of total network vehicle miles
and vehicle minutes utilizing the data base provided by the
UTCS/BPS detector surveillance system.

Table 11 tabulates vehicle minutes of travel and
vehicle minutes of delay as computed for a comparison of
the 3-dial control alternative and the base case (TRSP)

.

These statistics are presented for the network as a whole
and for the four component sections (subnetworks) . Results
for individual links are summarized separately for those
showing absolute performance improvements (+) and absolute
performance losses (-) . A net figure is given as well.

For the total network, the results appear quite consis-
tent with the percentage differences tabulated in Tables
5 to 7 . Since the actual values are given, however, the
relative contributions of the subnetworks to the aggregated
network value can be understood, i.e., the substantial
influence of Section 3 can be noted. It is apparent that
the net delay differences substantially mask the gains and
losses of the individual links; this is particularly true
for the network summaries. The relatively good performance
of the 3-dial alternative in the midday period can be
attributed to the substantial improvement in Section 3

.

The comparable TOD summaries, listed in Table 12, stand
in sharp contrast to the 3-dial results. The net differ-
ences in vehicle minutes of travel and delay are somewhat
similar in magnitude. However, the actual performance
gains and losses are considerably smaller in most cases.
The sizeable impact of Section 3 is again discernible in
the midday traffic performance.

Table 13 illustrates the vehicle-minute summaries for
CIC. As in the previous cases, the small net differences
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conceal significant link variations. The strong performance
of this alternative in the a.m. period for Section 4 is
apparent from the table.

The analogous vehicle-minute summaries for the BPS
alternative are presented in Table 14. The relative insig-
nificance of this control method to total traffic perfor-
mance can be observed in the extremely small gains and
losses recorded for Sections 1, 2, and 4, as well as in the
small total network change in the p.m. analysis period.

A summary of vehicle-minute link-level results is given
in Table 15 for all time periods and control strategies.
Links were classified by the direction and percentage of
the difference in comparison to the base case. The extreme
sensitivity of the vehicle-minute measures is apparent for
the 3-dial control strategy; the majority of the links
showed a greater than 10% difference, where only a few links
differed by this amount for the other alternatives.

In a further attempt to reduce the evaluation data into
one representative performance measure, derived speeds for
the total network and component sections were computed on
the basis of total vehicle miles and total vehicle minutes.
These values are displayed in Table 16. One interesting
result of this analysis is that only two of the possible
12 time period/control alternative combinations demonstrate
higher speeds than the TRSP case for the total network. It
is also apparent that the range in speeds is extremely small
As might be expected, the subnetwork values fluctuate
considerably more than the aggregated network totals. The
relatively low values in this table are discussed further
in the "Measurement of Queue" section near the end of this
chapter.

MOVING CAR ANALYSIS

Traffic performance was also monitored by a compre-
hensive series of moving car routes. The detailed study
design of this data collection effort was discussed in an
earlier chapter. Although complete coverage of the entire
network was not feasible, the moving car paths did traverse
most major arterials. Because of the continuity of the
routes, the moving cars could effectively measure perfor-
mance over complete segments of arterial streets, not just
at locations which were detectorized. This data could
therefore be compared to the performance measures provided
by the UTCS detector surveillance system to assess the
validity of that evaluation data.
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Network Level Performance and Comparative MOE '

s

The overall results of the moving car runs during the
a.m. analysis period are summarized in Table 17. The four
first-generation signal alternatives are compared to the
base (TRSP) case for all four measures of effectiveness as
computed over each of the six moving car routes. A further
comparison of the speed measure with detector results is
given in the "Measurement of Speed" section near the end of
this chapter. As before, asterisks denote various levels
of statistical significance as indicated by the Kolmogorov-
Smirnov test.

The 3-dial strategy again exhibited a wide variation
in traffic performance, similar to the pattern identified
by the detector surveillance system. „ The 13.3% decrease
in travel time recorded for route 22 —and which was statis-
tically significant at the 1% level—contrasts sharply with
the 8.2% performance loss on route 11. A comparison of
the delay and number of stops differences with the travel
time differences shows the relatively high sensitivity of
these performance measures. The TOD control alternative
showed improvement for three of the routes which was offset
by degraded performance (for total travel time) of the
remaining routes. The CIC control alternative produced
somewhat mixed results with gains on the Wisconsin Avenue
routes (11 and 13) cancelled by increases in delay and
travel time for the other routes. Traffic performance
under BPS was consistently worse, with substantial delays
occurring on routes 11 and 30.

Similar patterns occurred during the midday analysis
period, with substantial variations evident between the
individual route performances within each traffic control
alternative as shown on Table 18. The 3-dial patterns
showed performance improvements for routes 22 and 30 which
were offset somewhat by poor performance on route 40. The
TOD case exhibited poorer results than occurred during the
a.m. period, although the net effect of the control alter-
native appeared to be positive. Routes 3 and 4 were
significantly improved under CIC, with all measures of
effectiveness registering gains. Traffic performance under
BPS again suf fered^with sizeable losses on all routes ex-
cept route 11.

1. The numerical values for comparisons in Tables 17, 18,
and 19 are provided in Volume 2. Technical Appendices.

2. See Figure 9 for route designations.
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Table 17. Percentage differences in aggregate
moving car MOE's: a.m. period.

Comparison Route TT Delay Stops Speed

TRSP 11
13

- 8.2**
- 1.3

- 4.1
6.1

-12.6
7.0

- 8.5*
- 1.0

vs 22 13.3*** 47.5*** 53.4*** 17.7***

3-Dial
24
30

- 5.1*
- 5.9

-11.7*
-38.9**

10.0
-17.2

- 6.9
- 4.3

40 4.1 16.4 23.7* 4.2

TRSP 11 - 0.2 - 8.1 - 2.6 0.7
13 3.3 - 0.6 4.1 2.1vs
22 4.7 19.7* 12.3 4.9

TOD 24 4.6 14.2 9.4 1.6
30 - 9.6 -41.2* 2.3 - 8.4
40 -10.2** 4.4 -13.0 -11.2*

TRSP 11 4.2 -26.3 - 3.1 4.8
13 7.1* - 4.5 - 8.1 9.6

vs
22 - 4.1* 4.0 6.9 - 7.0

CIC 24 - 9.7 -11.5 - 5.0 -10.8
30 -11.2** -17.9 -15.5* -10.6*
40 - 0.5 - 3.1 -10.9 2.0

TRSP 11 - 2.3** -25.5*** -19.8** - 3.4
13 - 1.8 - 0.7 -18.9** - 2.4

vs
22 - 4.6 -14.2 -22.6** - 2.8

BPS 24 - 8.1 -14.6 -22.1 - 5.3
30 -14.4 -40.8 -37.5 -14.4
40 - 1.2

.... —- ,. - ..,-

- 1.9 0.0 1.0

* = Significant differences at 5% level
** = Significant differences at 2% level

*** = Significant differences at 1% level

NOTE: A (-) indicates a degradation in the system
(TRSP) and a positive value indicates an
improvement. (See figure 9 for route identi-
fication. )

106



Table 18. Percentage differences in aggregate
moving car MOE's: midday.

Comparison Route TT Delay Stops Speed

11 - 2.1 27.2 28.3 - 2.6
13 - 7.4 6.0 28.2 - 7.5

TRSP 22 34.8*** 63.3*** 69.5*** 33.3***
vs 24 6.7 13.5* 39.1*** 6.6

3-Dial 30 22.4*** 34.8*** 52.1*** 20.9***
40 -17.4*** -37.5*** -19.6*** -15.3***

11 - 1.0 - 8.9 - 5.6 - 0.8
13 1.9 9.3 7.0 1.3

TRSP 22 10.6** 20.3** 22.2** 9.9**
vs 24 - 4.5 - 8.0 - 7.9 - 3.8
TOD 30 9.7*** 6.9 55.5*** 10.4**

40 - 7.7* - 8.8 - 4.5 - 7.6

11 0.3 - 8.4 1.7 - 1.7

TRSP
13
22

4.1
- 1.4

12.6
3.0

- 9.3
6.9

2.1
0.0

vs

CIC
24
30

- 4.3
7.1*

3.9
15.6**

7.3
13.7*

- 4.4
5.5

40 10.5*** 19.8*** 11.0 10.4***

11 - 4.6 -30.1 -40.0* - 4.6
13 - 5.9 -33.4** -45.7*** - 5.0

TRSP 22 12.4*** 22.9** 10.7 12.7*
VS 24 - 3.1 - 0.7 -22.3*** - 1.2

BPS 30 -20.5*** -45.3*** -45.7*** -21.2***
40 -13.3*** -23.0***

—

-18.3*** -12.1**

* = Singificant difference at 5% level
** = Significant difference at 2% level

*** = Significant difference at 1% level

Note: A (-) indicates a degradation in the system as compared to the base

system (TRSP) and a positive value indicated an improvement.
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The moving car results for the p.m. peak traffic period
are listed in Table 19. The 3-dial signal settings produced
significantly increased travel times for routes 11, 13, and
22 which were matched by improvements in routes 24 and 30.
The TOD control alternative resulted in a relatively consis-
tent pattern of improvement. The extreme sensitivity of the
delay measure is apparent for routes 11 and 24. The CIC
case demonstrated overall deterioration in this time period.
The substantial improvement for number of stops which was
registered for route 22 is interesting in view of the
increased overall travel time for that route. The BPS con-
trol alternative again performed relatively poorly for non-
bus traffic in comparison to the base TRSP case, although
the impact on travel time did not appear to be excessive.

The overall moving car results appear relatively con-
sistent with the patterns identified during the analysis
of the detector-generated MOE ' s . An examination of the
individual measures reveals the (expectedly) high correla-
tion of travel time with average speed. The average delay
per vehicle and number of stops MOE ' s is generally consis-
tent with the travel time values in direction, but appear
to be considerably more sensitive. Although these measures
can potentially yield useful information on the performance
of the signal settings, measurement and definitional pro-
blems (e.g., determination of when a vehicle is "stopped"
or simply "creeping" by different drivers) can be expected
to produce misleading results. Therefore, the remainder
of the moving car analysis focuses on the use of travel time
as the prime evaluation measure.

Subnetwork Performance

The individual links which comprise the moving car
routes were aggregated into a series of segments or subnet-
works in order to facilitate analysis; these subnetworks
were illustrated on Figure 16.

The percentage differences in average travel time for
the moving car subnetworks during the a.m. analysis period
are given in Table 20. The 3-dial signal settings demon-
strated substantial improvements on eastbound Pennsylvania
Avenue, westbound Constitution Avenue, 22nd Street, and
23rd Street. Substantial increases in travel time were
found on Pennsylvania Avenue, H Street, E Street, and K
Street, all in the westbound direction. The differences
in travel time resulting from the TOD signal settings were
smaller in magnitude; only 18th Street and 19th Street
were substantially degraded. Traffic performance under the
CIC control alternative suffered along eastbound M Street
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Table 19. Percentage differences in aggregate
moving car IlOE's: p.m. period.

Comparison Route TT Delay Stops Speed

TRSP
vs

3-Dial

11
13
22
24
30
40

-15.3***
-13.1***
-10.2***

6.2
9.4

- 0.7

-32.9*
- 3.6
-21.5

7.5
4.0
5.1

18.0*
-17.6
13.1
46.1***
15.3
0.0

-13.9***
-13.4**
- 9.8*

6.8
4.9

- 2.3

TRSP
vs
TOD

11

22
24
30
40

- 1.2
4.9
2.2
2.1**
1.1

- 4.7

-19.3**
- 0.6

9.6
10.2**

-14.1
8.5

- 7.9
4.6
7.2
3.5*

27.9
4.2

- 0.8
3.7
2.9
6.1**

- 2.1
- 2.4

TRSP
vs
CIC

11
13
22
24
30
40

4.2
- 1.1
- 3.5
-29.7
- 6.7
- 4.4

- 6.5
-12.5

5.9
-43.8
- 7.5
- 6.4

- 6.9
- 1.6
18.7**

-21.3
- 9.1
-15.8

5.5
0.6
2.2

-12.3
-10.4
- 6.5

TRSP
vs
BPS

11
13
22
24
30
40

- 7.7
-11.5***
- 1.2

1.1
- 6.8
- 5.2

-51.6*
-39.0***
- 1.7
- 0.9
-16.7
-10.0

-53.1**
-53.6***
- 8.5
- 7.8
-24.5
- 4.8

- 8.8
- 8.9*
- 1.8
- 3.2
- 6.2
- 6.8

* = Significant differences at 5% level.
** = Significant differences at 2% level.

*** = Significant differences at 1% level.

Note: A (-) indicates a degradation in the system as
compared to the base system (TRSP) and a positive
value indicates an improvement. See Figure 9 for route
identification.
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Table 20. Percentage differences in travel time for
moving car aggregates: a.m. period.

Alternatives compareid to TRSP

Route Subarea 3-Dial TOD CIC BPS

11 NB Wise. - Lower -12.2*** 4.1 3.9*** 4.2
NB Wise. - Upper - 2.4 - 5.6 5.0 -10.6**

13 SB Wise. - Upper - 0.4 0.2 13 .
4*** - 4.2

SB Wise. - Lower - 2.0 5.7 5.5 0.0

22 EB M Street 11.8*** 7.6 -14.7*** 3.6
EB Pennsylvania Avenue 15.3*** 1.0 6.9 -12.5

24 WB Pennsylvania Avenue -19.6*** - 3.1 -24.9 -18.8
WB M Street 5.3 9.7 1.2 - 0.3

30 WB 22nd Street

....

26.0** - 7.4 1.0

1

-10.3

EB K Street -10.4 -11.9 -28.3* - 2.8

WB H Street -38.0* - 8.4 17.4* 14.4

SB 17th Street - 1 8.1 4.0 4.5 - 4.2

NB 18th Street - 3.7 -19.0 - 9.2 -38.3*

SB 17th Street - 2 - 5.3* - 1.0 - 5.9 - 5.3

WB E Street -19.7*** - 6.0 -20.8** -15.7

40 NB 23rd Street 30.9 - 8.7 9.9 12.4

EB L Street 8.5* -10.7 - 2.8 -18.3**

WB K Street -22.6*** - 7.4* - 1.2 4.3

SB 19th Street -10.4 -20.9*** - 2.0 1.5

WB Constitution Avenue 52.7*** - 1.0 - 4.6 3.5

* = Significant differences at 5% level
** Significant differences at 2% level

*** Significant Differences at 1% level

Note: A (-) indicates a degradation in the system as compared to the base
system (TRSP) and a positive value indicates an improvement.
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westbound Pennsylvania Avenue, eastbound K Street, and E
Street. These problems were offset somewhat by improvements
on Wisconsin Avenue and, to a small degree, along H Street.
The BPS case exhibited increased travel time along 18th
Street and L Street.

The comparable travel time summaries for the midday
analysis period are presented in Table 21. The 3-dial
settings exhibited extreme differences between the subnet-
works. Several arterials were substantially improved;
however, L Street was subjected to a 4 3.4% increase in
travel time. The TOD control alternative also showed sub-
stantial gains and losses. Eastbound M Street, H Street,
17th Street, and E Street were significantly improved while
eastbound K Street, L Street, and westbound Constitution
Avenue incurred increased travel times. The CIC alternative
provided a general pattern of improvement, although 17th
Street was degraded somewhat. In contrast to CIC, the BPS
case showed considerable increases in travel time for the
subnetworks

.

Table 22 illustrates the moving car results for the
p.m. period. The typical 3-dial variation between subnet-
works is apparent. While many of the improvements were
made on relatively minor streets (e.g., H Street), the
incidence of the performance penalties appears greatest on
the major arterials. The TOD alternative produced mixed
results. The gains on 17th Street were offset by substan-
tial losses on Constitution Avenue. The CIC signal settings
produced substantial increases in travel time for Pennsyl-
vania Avenue and 17th Street; these results are consistent
with the results of the detector analysis. BPS again caused
greater travel time for most subnetworks; however, only
westbound Pennsylvania Avenue and 18th Street appeared to
be severely affected.

Link Performance

The impacts of the alternatives on individual link
performance during the a.m. traffic period are summarized
in Table 23. The entries correspond to the absolute numbers
of links which exhibited statistically significant differ-
ences in average travel time as indicated by the Kolmogorov-
Smirnov test.

The 3-dial signal set' ings again recorded the widest
differences from the base case; 23 links showed increased
travel times while 25 links showed improvements. The TOD
alternative yielded 17 statistical differences for which
travel time was increased against only six differences for
which travel time was decreased. CIC was the only alternative
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Table 21. Percentage differences in travel time for
moving car aggregates: midday.

Alternatives compared to TRSP

Route Subarea 3-Dial TOD CIC BPS

11 NB Wise. - Lower
NB Wise. - Upper

- 2.7
- 0.8**

0.4
2.0

1.7
4.7

1.7
16.0***

13 SB Wise.
SB Wise.

- Upper
- Lower

8.6
6.9

4.6
0.7

0.5
5.0

-17 .4***
- 0.2

22 EB M Street
EB Pennsylvania Avenue

42.0***
22.1***

16.2***
0.5

13.1
- 7.6

15.4
7.4

24 WB Pennsylvania Avenue
WB M Street

8.0^

6.0
- 7.5
- 2.7

8.7**
1.5

•22.3***
9.9

1

30

l

WB

...

22nd Street

1

2.4

'
'

- '

—

12.4

1

4.7

i 1

-22.4

EB K Street 12.6** -14.8 10.3 -10.3

WB H Street -11.3 28.9* - 0.8 7.3

SB 17th Street - 1 45 .
5*** 32.3* - 2.8 -11.7

NB 18th Street 29.8*** 3.2 21.0 -28.1***

SB 17th Street - 2 27.2*** 16.7 -17.9 -42.3***

WB E Street 44.3** 48.7*** 25.3 -26.8

40 NB 23rd Street - 2.6 3.0 1.6 -11.3

EB L Street -43.4*** -13.8 9.9 -26.6**

WB K Street 5.0 - 3.8 14.8 3.4*

SB 19th Street -13.2*** - 1.8 14.2 -15.5**

WB Constitution Avenue 25.5*** -19.7* -, 9 - 1.2

* = Significant differences at 5% level
** = Significant differences at 2% level

*** = Significant Differences at 1% level

Note: A (-) indicated a degradation in the system as compared to the base
system (TRSP) and a positive value indicates an improvement.
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Table 22. Percentage differences in travel time for
moving car aggregates: p.m. period.

Alternatives compared toTRSP

Route Subarea 3-Dial TOD CIC EPS

11 NB Wise. - Lower
NB Wise. - Upper

-10. 6***
-23.1***

- 2.0
0.2

1.7
14.3

- 5.0
-12.0

13 SB Wise. - Upper
SB Wise. - Lower

-16. 4***

-11.0**
3.1
6.0

- 1.3
- 1.0

- 5.8
-14.8*

22 EB M Street
EB Pennsylvania Avenue

6.8
-28.8***

3.3
0.9

6.8**
-14.9

- 4.5
2.8

24 WB Pennsylvania Avenue
WB M Street

8.1
5.2

- 3.8
5.3*

-34.1
-27.4

-24.0**
16.0

30 WB 22nd Street

EB K Street

WB H Street

SB 17th Street - 1

NB 18th Street

SB 17th Street - 2

WB E Street

- 5.1**

- 0.9

19.2

28.2

7.0

5.0

32.8**

... . ...

- 7.1

1.7

-25.3

27.4

- 7.8

11.6

- 3.3

-17.4

- 3.1

15.8

-20.7

- 6.4

-15.0

12.0

1

- 5.9

-11.2

18.5

3.8

-30.9*

2.6

- 2.5

40 NB 23rd Street

EB L Street

WB K Street

SB 19th Street

WB Constitution Avenue

0.6

29.2***

-22.8**

-14.6*

-22.8***

- 4.5

- 3.3

6.3

-12.9

-26.8**

1.2

- 7.6

1.3

- 6.5

- 5.9

- 2.2

-10.3

4.6

-10.8

5.0

* = Significant differences at 5% level
** = Significant differences at 2% level

*** = Significant Differences at 1% level

Note: A (-) indicates a degradation in the system as compared to the base
system (TRSP) and a positive value indicates an improvement.
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Table 23. Number of moving car links statistically
different for travel time: a.m. period.

Level of Control Alternative B (Compared to TRSP - "A")

Significance
3-Dial TOD CIC BPS

Insignificant 96 121 105 121

5 %, A>B) Performance 23 17 14 14

1%, a>b) toss
21 5 3 2

5 %, A< B Performance 25 6 17 9

1 %, A<3,
Improved

16 3 6 2

Table 24. Number of moving car links statistically-
different for travel time: midday.

Level of

Significance
Control Alternative B (Compared to TRSP - "A")

3-Dial TOD CIC BPS

Insignificant

5 %, A> B) Performance

1%, a>bJ
^ss

5 %, A< B) Performance

1%, a<b) a**"***

82

27

14

35

19

123

9

3

12

4

125

4

2

7

103
1

30

21

11

4

Table 25. Number of moving car links statistically
different for travel time: D.m. period.

Level of

Significance

Control Alternative B (Compared to TRSP - "A")

3-Dial TOD CIC BPS

Insignificant

5 %, &? B[ Performance

1 %, A>Bj U3Sa

5 %, A< B^ Performance

f
Improved

1 %, ACBJ

88

32

19

24

12

124

11

3

9

1

121

5

1

10

5

129

11

4

4
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to produce more gains (17) than losses (14) at the 5% level
of significance, BPS appeared to perform slightly worse
than the base case with nine statistically significant
decreases in travel time against 14 increases.

The midday link significance summaries are presented
in Table 24. The 3-dial alternative produced 35 positive
differences against only 27 losses. The TOD signal settings
also recorded relative gains with 12 instances of improve-
ment. The CIC results showed very few links for which
significant travel time differences were found. BPS, on
the other hand, produced 30 increases in travel time against
only 11 improvements.

The analogous statistical tabulations for the p.m.
period analysis are illustrated in Table 25. Under these
conditions, the 3-dial settings produced substantially more
losses than gains. The TOD alternative generated mixed
results; only four links were statistically different at
the 1% level. The CIC signal settings showed improvement
for 10 links against only five losses. This gain, however,
was not substantiated in the subnetwork results given in
Table 19. The BPS signal settings again showed an overall
deterioration in performance: improvements for nine links
offset by 14 links for which travel times increased.

The performance patterns exhibited by these link
statistics appear relatively consistent, with minor excep-
tions, with the other moving car analyses.

BPS IMPACT STUDIES

The bus studies were described in the ANALYTICAL METHOD-
OLOGY chapter. As was noted, the vehicle minutes of delay
values computed as part of the vehicle minutes/vehicle miles
analyses were considered to be the best measures for assess-
ing BPS impact on link statistics. Specifically, the net
savings or loss in vehicle minutes of delay with BPS over
the base case was taken as the primary measure.

Each link was assigned to one or more cells, classified
by BPS activity, bus flow direction, and analysis link,
opposing link, and cross link. The net change in vehicle
minutes of delay was recorded for each occurrence of a link
within this matrix.

The average vehicle minutes per link was then computed
and is shown in Table 26, together with the number of links
appearing in the cell as a sample size. Positive values
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indicate less delay under BPS than for the base case.
Separate computations were performed for a.m. and p.m. con-
ditions and the reversal of the individual link classifica-
tions between the peak and off-peak bus flow direction
should be borne in mind.

In this table, for the a.m., links with high BPS acti-
vity are generally helped, while those with medium or low
activity are almost universally harmed. Of particular
interest is the fact that links in the off-peak direction
are helped nearly as much as those in the peak direction for
high BPS activity locations, and are helped somewhat for
medium and low locations while the links in the peak
direction show much poorer performance. Opposing links
are worse, except for the high activity locations in the
peak direction, although the sample sizes in other cells
make the results somewhat questionable. Cross links are
almost always worse, as would be expected.

For the p.m. period, the situation is somewhat diffe-
rent and the results are not so pronounced. The link flows
are generally worse but the opposing flows show improve-
ment, although the latter again reflect sample size pro-
blems. Cross links again are generally worse, although
not nearly so pronounced as in the a.m.

The net vehicle minutes of delay were also summarized
in absolute terms in Table 27. All links within a cell
showing positive and negative changes were summed separately
and a net value indicated as well. Totals are shown for
all high, medium, and low BPS locations and a grand total.

The pattern of the net values is, of course, identical
to that given in the previous figure. However, the magni-
tude of both positive and negative numbers in many cells
indicates that results in many cases are far from consistent,
Also, the magnitude of the a.m. numbers far exceeds that
of the p.m. values, indicating much greater disruption to
the nominal traffic pattern in the a.m.

The last comment must be tempered by the fact that
many more BPS locations were operating in the a.m. bus
flow direction. The number of buses helped in the a.m.
peak direction was 68 percent of the total, but since twice
as many locations were present in the sample, the average
number of buses helped per location was almost identical.
For the p.m. analysis, the peak direction bias was almost
eliminated and the total number of buses helped and the
average per location were quite similar.
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Table 27. Vehicle minutes of delay summary
for BPS intersection approaches.

BPS
Category Direction

a.m. p.m.

Activity- + - Net + - Net

High Link Peak 93 41 + 52 5 4 +1

Off-Peak 71 36 +35 15 51 -36

Opposing Peak 64 25 +39 7 -7

Off-Peak 25 30 -5 50 4 +46

Cross Peak 69 160 -91 16 19 -3

Off-Peak 42 31 +11 14 53 -39

Total 364 323 +41 100 138 -38

Medium Link Peak 1 44 -43 18 42 -24

Off-Peak 10 4 +6 4 12 -8

Opposing Peak 7 -7 19 + 19

Off-Peak 22 -22 10 +10
Cross Peak 54 -54 41 16 +2 5

Off-Peak 19 -19 16 20 -4

Total 11 150 -139 108 90 + 18

Low Link Peak 15 202 -187 12 2 +10

Off-Peak 29 11 +18 1 11 -10

Opposing Peak 27 29 -2 12 3 +9

Off-Peak 7 125 -118

Cross Peak 50 177 -127 11 5 6

Off-Peak 2 -2 7 26 -19

Total 128 546 -418 43 47 -4

Grand Total 503 1,019 -516 2 51 275 -24

Non-BPS 122 176 -54 95 126 -31

Note: - indicates improvement
+ indicates degradation
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In general, buses proceeding in the off-peak direction,
or "dead-heading", were almost as likely to trigger a BPS
extension as those traveling with a full load of passengers.
Although this result seems somewhat undesirable, it is
offset partially by reducing bus "turnaround" time and
aiding in schedule adherence.

Also, it must be noted that relatively few of the total
buses passing through the network were equipped with detec-
tors. Since most of the buses were traveling with other
vehicles in the traffic stream, they were subject, at least
in part, to the changes in delay for other vehicles noted
above. To the extent that the overall system performance
deteriorated, vehicle minutes lost by these non-detector ized
buses may be offset against gains to the buses triggering
the extensions.

Individual Link Performance

For the p.m. period, only four links showed substantial
declines in excess of 20 vehicle minutes, but three of
these were in the Massachusetts-Wisconsin-Garf ield triangle.
Two of the three did not have bus detectors. At the same
time, the largest improvement in vehicle minutes was also
observed in the same area, northbound on Wisconsin Avenue
at Garfield Street.

Bus traffic northbound on Wisconsin Avenue undoubtedly
received green increases, and this link shows a decrease of
4 5 vehicle minutes. However, only one other link in the
triangle, that was operational, showed a decrease while
five others, including the three significant ones, showed
increases. The net for the triangle as a whole was a 60
vehicle minute increase.

Presumably, the extensions granted at Garfield Street
aggravate the southbound movement which is known to be
sensitive to offset. Also, the green extensions simply
increase the delay northbound at Massachusetts Avenue. In-
creased delay on the third approach, westbound Garfield,
is probably caused by a combination of altered offsets for
that short block and perhaps some loss in green time.

Additional losses, although smaller in number, occur
southbound on Wisconsin Avenue at Massachusetts Avenue and
eastbound on Massachusetts at Wisconsin. Although a number
of factors could be acting, including spillback from
Wisconsin Avenue and Garfield Street, the slight increase
for eastbound Garfield may be due to metering of the left
turn or, again, change in offset. Unfortunately, the
remaining two detectors on Massachusetts were not functioning,
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An almost identical pattern holds for the a.m., although
the relative intensities are altered somewhat. Northbound
Wisconsin Avenue is helped at Garfield Street and hurt at
Massachusetts Avenue. Substantial increases in delay are
also recorded westbound on Garfield Street and southbound
on Wisconsin Avenue at Garfield Street, with the remaining
locations either not functioning or showing no change.

The increase in delay southbound at Garfield Street is
particularly noteworthy, since the measurement is taken in
the left-turn lane and this movement is quite heavy in the
a.m. for buses inbound from Maryland. It might be concluded,
therefore, that gains to individual buses through actuations
have disturbed this sensitive offset and increased overall
delay. The effect of extensions granted northbound for
"dead-heading" buses might also be a factor, since these
are conflicting movements.

Three other substantial increases in delay for the a.m.
peak occurred on all three approaches at 18th Street and
Pennsylvania Avenue. In addition, increases were recorded
at four of the five upstream and downstream locations where
data were available, indicating a general failure in the
area. The effects of the surrounding locations must be
tempered by the existence of additional BPS detectors on
each of them.

Identifying a causal pattern at this location is quite
difficult. Field observations during the collection of
detailed bus performance data indicate that additional
pedestrian interference, particularly with the right turn
from 18th Street onto Pennsylvania Avenue, might be a
contributing factor, as pedestrians disobey the walk signals
and continue to cross when the extension is granted.

Few well-defined relationships are apparent for other
locations with substantial gains or losses in delay. In
fact, three of the four approaches showing gains over 20
vehicle-minutes in the p.m. are at locations with little
or no BPS control. (The fourth location is in the triangle
discussed above) . Significant improvement occurred west-
bound on K Street in the a.m. at most intersections and
although this might be traced to an improvement in offset
triggered by "dead-heading" buses, it might also be caused
by changes in traffic response at the "metering point"
caused by Metro construction at Connecticut Avenue.

An extremely large increase in delay was recorded for
southbound 16th Street at K Street. No apparent reason
can be determined for this result, and in the absence of
further information, detector problems might be presumed to
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be causing erroneous readings. Several additional locations
showed substantial changes both with and without BPS acti-
vity and probably represent only normal fluctuations.

BPS Intersection Impact Analysis

This section describes the impact of the BPS alternative
on bus travel at intersections. The data for studies at
18th Street and Pennsylvania Avenue are shown on Table 28.
Departure time as used on the table means the total travel
time, in minutes, from the upstream bus detector to the
far side of the signalized intersection (as noted by the
crosswalk). Dwell time is the time, in minutes, that the
bus was stopped at the intersection regardless of cause.
Comparisons are between buses with and buses without trans-
mitters as measured during the BPS test period. The table
represents data summarized for the a.m., midday, and p.m.
periods. The table indicates a reduction in travel time
of 4.2% for buses with transmitters. The information for
this intersection broken down by time period is shown on
Table 29.

During the midday period, there is a significant re-
duction in delay time for all directions. Although there
is a proportionate reduction in the total number of buses,
the percentage of the transmitter-equipped buses remains
approximately the same.

At 18th Street and Pennsylvania Avenue during the a.m.
peak period, a 19.1% increase in delay to northbound buses
was noted. This is attributable in part to the conflict
with pedestrians at this location. As indicated on the
measures of effectiveness summary tapes of the UTCS system,
priority was given to buses by extension of the green time.
However, pedestrians utilized the additional time to cross
the street, thus preventing full utilization of this time
by the buses. This is especially apparent for the north-
bound buses on 18th Street where the major movement is a
right turn onto Pennsylvania Avenue. Other buses were, to
a large extent, helped.

At the second location, 14th and K Street, 2,695 buses
were observed during the data collection period for
the BPS alternative. This total includes 873 buses (32
percent) equipped with the detector-transmitter device.
In addition to the buses from the three division where the
detector-transmitter equipped buses are stored, most of
the routes assigned to a division serving the Virginia
suburbs pass through this intersection traveling eastbound
and westbound. None of these buses are equipped with
detector transmitters, although they have a significant
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Table 28. Summary of BPS intersection performance.

Intersection 18th Street & Pennsylvania Avenue

MEAN TIMES IN MINUTES PERCENTAGE DIFFERENCE

B.P.S. Transmitters With vs
WithoutWith Without

DEPARTURE TIME

Northbound 1.194 1.241 + 3.8

Eastbound .798 .873 + 8.6

Westbound .700 .740 + 5.4

Average all approaches + 5.93

DWELL TIME

Northbound .714 .776 + 8.0

Eastbound .374 .455 +17.8

Westbound .419 .418 - 0.2

Average all approaches + 8.53

Note: + indicates improvement with transmitters
- indicates degradation with transmitters
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Table 29. Time period breakdown of intersection
performance - BPS.

Intersection 18th Street & Pennsylvania Avenue

Time
Period

MEAN TIMES IN MINUTES PERCENTAGE DIFFERENCE

B.P.S. Transmitters With vs
WithoutWith Without

DEPARTURE TIME

Northbound a.m. 1.09 .915 - 19.1

midday 1.09 1.337 + 18.5

p.m. 1.353 1.436 + 5.8

Eastbound a.m. .841 .965 + 12.8

midday .686 .759 + 9.6

p.m. .822 .822

Westbound a.m. .748 .702 - 6.5

midday .481 .831 + 42.1

p.m. .794 .734 - 8.1

DWELL TIME

Northbound a.m. .627 .513 - 22.2

midday .57 0.89 + 35.9

p.m. .874 .906 + 3.7

Eastbound a.m. .414 .515 + 19.6

midday .269 .349 + 22.9

p.m. .399 .439 + 10.0

Westbound a.m. .463 .432 - 7.1

midday .241 .331 + 27.2

p.m. .488 .45 - 8.4

Note: + indicates improvement with transmitters
- indicates degradation with transmitters
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impact on the flow of traffic through this intersection.

The summary of delay for all observations at this
location, shown on Table 30, indicates a significant de-
crease in delay time for detector-transmitter equipped buses
when compared to the bus delay for the non-equipped buses.
Review of Table 31, showing a breakdown by time period,
reinforces the summary data. In all but two entries,
significant improvement occurred.

There are high volumes of pedestrian traffic at this
intersection. The impact is not, however, as significant
as are the high pedestrian traffic volumes at 18th and
Pennsylvania Avenue. Most of the routes continue through
this intersection without turning. The buses are able to
fully utilize the priority timing when it is granted by
the system. The results at 14th and K Street are the most
consistent and impressive of those found during the study.

Wisconsin Avenue and Macomb Street was selected as a
location because it was representative of a collector
street crossing a principal arterial with bus traffic on
the arterial. Because of this, the potential of each
instrumented bus receiving priority was considered to be
high. The size of the sample was limited by the fact that
only one principal route used this section of the system.

The analysis of the delay summaries, shown on Table 32,
indicate significant reduction in delay for the instrumented
buses when compared to the non-instrumented buses observed
during the same control alternative. An overall time reduc-
tion of 7.0% was observed. Of special note is that spacing
of vehicles was such that most of the buses arrived inde-
pendently of other buses. The minimum of demand from
cross street traffic permitted granting of priority when
requested.

BPS Route Analysis

The performance of buses traveling through the system
on scheduled routes was evaluated from the data recorded
as noted earlier. The observations were limited to buses
on three basic routes. The "Pennsylvania Aver.ue" routes
entered or exited at 17th Street and Pennsylvania Avenue
and exited or entered at Wisconsin Avenue at iacomb Street,
a distance of approximately 3.5 miles. The other routes
entered on K Street at 14th Street and exited on 20th
Street at L Street westbound. The lines entered on 21st
Street at L Street and exited on K Street at 14th Street.
The distance is approximately .93 miles.
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Table 30. Summary of intersection performance -

BPS.

Intersection 14th Street & K Street

MEAN TIME IN MINUTES PERCENTAGE DIFFERENCE

B.P.S. Transmitters With vs
WithoutWith Without

DEPARTURE TIME

Northbound .917 1.003 + 8.6

Southbound 1.203 1.349 + 10.8

Eastbound .701 .755 + 7.2

Westbound .580 .676 + 14.2

Average all approaches + 10.2

DWELL TIME

Northbound .593 .679 + 12.7

Southbound .885 1.033 + 14.3

Eastbound .451 .500 + 9.8

Westbound .327 .424 + 22.9

Average all approaches + 14.92

Note: + Indicates improvement with transmitter
- Indicates degradation with transmitter
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Table 31. Time period breakdown of intersection
performance - BPS.

Intersection 14th Street & K Street

Time
Period

MEAN TIMES IN MINUTES PERCENTAGE DIFFERENCE

B.P.S. Transmitters With vs
WithoutWith Without

DEPARTURE TIME

Northbound a.m. .808 .950 + 14.9

midday .962 .915 - 5.1

p.m. .978 1.132 + 13.6

Southbound a.m. 1.24 1.366 + 9.2

midday 1.049 1.303 + 19.5

p.m. 1.253 1.368 + 8.4

Eastbound a.m. .655 .716 + 8.5

midday .661 .755 + 12.5

p.m. .785 .800 + 1.9

Westbound a.m. .558 .633 + 11.8

midday .528 .641 + 17.6

p.m. .616 .743 + 17.1

DWELL TIME

Northbound a.m. .532 .650 + 18.2

midday .659 .629 - 4.4

p.m. .611 .752 + 18.8

Southbound a.m. .951 1.055 + 10.0

midday .759 .979 + 22.5

p.m. .892 1.051 + 15.1

Eastbound a.m. .404 .464 + 13.3

midday .423 .495 + 14.5

p.m. .531 .544 + 2.4

Westbound a.m. .322 .397 + 18.9

midday .296 .373 + 20.6

p.m. .342 .483 + 29.2

Note: + indicates improvement
- indicates degradation

with transmitters
with transmitters
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Table 32. Summary and time period breakdown of inter-
section performance - BPS.

Intersection Wisconsin Avenue & Macomb Street

Time
Period

MEAN TIMES IN MINUTES PERCENTAGE] DIFFERENCE

b.p.s. :?ransmitters With vs
WithoutWith Without

DEPARTURE TIME
-

Northbound a.m. .336 .313 - 7.3

midday .445 .468 + 4.9

p.m. .366 .390 + 6.2

Southbound a.m. .344 .406 + 15.3

midday .531 .416 - 27.6

p.m. .350 .431 + 18.8

Average all
approaches

+ 2.58

DWELL TIME

Northbound a.m. .159 .133 - 19.5

midday .212 .230 + 7.8

p.m. .166 .189 + 12.2

Southbound a.m. .136 .186 + 26.9

midday .283 .196 - 44.3

p.m. .149 .212 + 29.7

Average all
approaches

+ 3.2

Note: + indicates improvement with transmitters
- indicates degradation with transmitters
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Table 3 3 summarizes the data for the shorter routes
using K Street for their primary path. The route travel
time was reduced somewhat in essentially all cases. An
overall reduction of approximately three percent was noted.

Table 34 shows information for the longer routes using
Pennsylvania and Wisconsin Avenues. The overall impact of
the observations was negative. Although no specific
rationale is apparent for this result, it is probable that
the signal impact on the long travel time was overshadowed
by other stream characteristics. Further, the sample size
on the long route proved to be too small for assessing high
level significance of the results.

UTILITY OF THE DETECTOR-BASED EVALUATION MEASURES

Although the primary focus of this study was on the
evaluation of the first-generation traffic control strat-
egies, an additional objective was to assess the efficacy
of the UTCS/BPS detector surveillance system for purposes
of evaluation. The extensive set of travel time data
produced by the moving cars provided the primary means of
comparison. In addition, several field investigations
were conducted to examine three detector-generated MOE ' s

:

volume, average delay, and average queue length.

Detector/Moving Car Comparisons

The performance measurements produced by the UTCS de-
tector surveillance system and by the moving cars were
different in several important respects. While the detec-
tor measures of effectiveness were generated as 15-minute
averages of overall traffic performance on an intersection
approach, the moving cars recorded only one (presumably
representative) vehicle's performance. The travel times
derived from the latter technique were therefore consider-
ably sensitive to fluctuations in traffic as well as to
differences in the control system. Both methods were
subject to measurement error: the detector computations
involved assumptions about uniform traffic behavior which
were somewhat unrealistic (e.g., lane discipline, average
vehicle length) while the moving car travel times were
probably influenced by the characteristics of the indivi-
dual drivers. In addition, the sets of intersection
approaches covered by the detector surveillance system and
by the moving car routes were substantially different,
although some overlap was present, particularly along
the major arterials.
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Table 33. Summary of route performance - BPS.

Eastbound
Entry Location - 21st Street at L Street, N. W.
Exit Location - K Street at 14th Street, N. W.
Distance - .93 miles

Westbound
Entry Location - K Street at 14th Street, N. W.

Exit Location - 20th Street at L Street, N. W.

Distance - .82 miles

Time
Period

MEAN TIMES PERCENTAGE DIFFERENCE

B.P.S. Transmitters With vs
WithoutWith Without

Eastbound a.m. 7.92 8.46 + 6.38

midday 8.88 8.59 - 3.37

p.m. 10.00 10.24 + 2.34

All 9.06 9.21 + 1.62

Westbound a.m. 6.45 6.79 + 5.00

midday 7.33 7.44 + 1.47

p.m. 9.96 9.11 + 1.64

All 7.52 7.86 + 4.32

Average all 8.32 8.57 + 2.91
Directions

Note: + Indicates improvement with transmitters
- Indicates degradation with transmitters
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Table 34. Summary of route performance - BPS.

Eastbound
Entry Location - Wisconsin Avenue at Macomb Street, N. W.

Exit Location - Pennsylvania Avenue at 17th Street, N. W.

Westbound
Entry Location - Pennsylvania Avenue at 17th Street, N. W.

Exit Location - Wisconsin Avenue at Macomb Street, N. W.

Distance - 3.5 miles

Time
Period

MEAN TIMES PERCENTAGE DIFFERENCE

B.P.S. Transmitters With vs
WithoutWith Without

Westbound a.m. 22.78 22.12 - 2.98

midday 23.93 23.99 + 0.25

p.m. 27.34 26.50 - 3.16

All 25.13 24.43 - 2.85

Eastbound a.m. 24.11 23.56 - 2.33

midday 23.70 23.08 - 2.68

p.m. 25.50 25.64 + 0.54

All 24.36 23.86 - 2.09

Average all
directions

- 1.73

Note: + Indicates improvement with transmitter
- Indicates degradation with transmitter
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Despite these problems and apparent differences, both
methods could be expected to produce somewhat similar
assessments for locations where traffic performance was
monitored by both the detectors and the moving cars. These
locations were identified for each signal alternative/time
period comparison; the number of locations varied from 29
to 4 6 depending on the set of operational detectors. For
each location within each comparison, the presence— if any

—

of a statistically significant difference at the 5% or
greater level as indicated by the Kolmogorov-Smirnov test
was recorded for both the detector-generated delay measure-
ment and the moving car travel time measurement. The
consistency of the statistical inferences for each individual
location was then determined.

Table 3 5 illustrates the comparisons of the detector
and moving car results for the a.m. traffic period. The
table is divided into three major categories which corre-
spond to the level of consistency between the two measure-
ment techniques. The first category, comprised of the first
four rows, identifies the number of locations (for each
comparison) for which both the detectors and the moving cars
produced the same statistical inferences. The second cate-
gory, comprised of the next five rows, identifies the
number of locations for which one measurement technique
produced significant differences between the traffic control
alternative while the other did not. The third category
illustrates the number of locations for which the detector
and moving car results were contradictory, i.e., one method
indicated improvement while the other method indicated
degradation—both results being statistically significant
at the 5% level. Within each section, the locations are
classified according to the direction of the results, e.g.,
"A>B" in the first column indicates that the base (TRSP)
produced lower travel times than the other control alterna-
tive under consideration (i.e., Alternative B) . To further
illustrate, there were four locations (13.8%) in the CIC/
TRSP comparison for which the moving car travel times were
not statistically different but the detector-generated
average delay differences showed significant improvement
under CIC.

The high level of consistency of the detector and
moving car performance measures is illustrated in the results
for the 3-dial case. Over 4 5% of the links showed agree-
ment, while only 9% of the locations exhibited contradictory
results. The remaining control alternatives produced sub-
stantially fewer statistically significant differences,
resulting in a somewhat different pattern. Specifically,
most of the locations failed to produce statistically
significant differences under either of the measurement
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methods. One important observation is that no location
produced statistically significant contradictory results
(i.e., no entries in the last three rows) under the TOD,
CIC, and BPS control strategies.

Table 36 presents the analogous summary for midday
traffic conditions. As in the a.m. period, the 3-dial case
showed a high proportion of statistically significant
differences under both measurement methods. For 23% of the
locations, the moving cars and detectors both produced
significant differences; only 8% of the locations generated
contradictory results. The three remaining comparisons
closely resemble the a.m. results, although almost 20% of
the locations under BPS were found to change significantly
(in the same direction) under both measurement techniques.

The statistical comparisons for the p.m. peak are
listed in Table 37. The patterns identified for the a.m.
and midday traffic periods are also apparent in this table.
Although over 80% of the locations under TOD are consis-
tent in that both the detectors and the moving cars did
not generate statistically significant changes, it is
interesting to note that of the seven locations where
differences were found, none were statistically different
under both measurement strategies.

These comparisons demonstrate a relatively high degree
of similarity between the evaluation results produced by
the detector surveillance system and the moving cars for
individual links. Actual contradictory inferences are
extremely rare. The "nonsignificant" entries may, however,
mask some inconsistencies. In addition, the magnitudes
of the differences between the control strategies as mea-
sured by the detectors and the moving cars for an individual
link may indeed vary substantially even though the statis-
tical inferences may be identical.

Measurement of Volume

The volume measurements generated by the UTCS detector-
based surveillance system were extremely important in the
evaluation effort for two reasons. First, the detector
volumes were used to estimate the level of network "demand"
which in turn permitted the selection and matching of
observations for statistical purposes. The matching pro-
cedures which were developed for the detector data and the
moving car data were described in the preceding chapter.
Second, these volumes were used in the actual computations
of the other detector-based MOE ' s . Erroneous volumes could
be expected to also be reflected in the computed delay values
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The central importance of the detector volumes resulted
in two separate studies to assess the accuracy of this
measure. The first study compared actual field observations
of lane-specific and total approach volume against the
corresponding detector volumes. The second study utilized
conventional mechanical counters to produce approach volumes
for comparison against the (lane-specific) detector measure-
ments.

Field Study

The primary objective was to determine the degree to
which the detector measurements of volume corresponded to
actual field measurements of volume in the detectorized
lane. A secondary objective was to explore the feasibility
of developing a set of generalized factors which could be
applied to the detector volumes in order to approximate
total approach volumes.

A total of 53 approach links from 19 intersections
were examined. These approaches were felt to be represen-
tative of all types of geometric and traffic conditions
found within the UTCS study area. The durations of the
counts typically ranged from 4 5 to 6 minutes; most approaches
were counted only once, although six approaches were counted
in two separate time periods to assess the variability
resulting from changes in traffic conditions.

Cycle-by-cycle volume measurements were recorded di-
rectly from the CRT displays at the UTCS control center
concurrently with the manual vehicle counts at the inter-
sections. These field volume measurements were taken by
lane to facilitate later analyses. Because of problems
associated with unpacking the smoothed cycle-by-cycle
volume measurements taken from the CRT displays and syn-
chronizing the field counts with the cycle-specific detector
data, only the 15-minute volume measurements from the UTCS
summary tapes were used for purposes of comparison.

For each individual approach, the ratios of field lane
volume/detector lane volume and field approach volume/
detector lane volume were computed for each 15-minute
interval. The average ratios were then computed separately
for all one, two, three, and four lane approaches. These
average ratios and their corresponding standard deviations
are listed in Table 38. In order to assess the stability
of the ratios under different traffic conditions, separate
tabulations were prepared for the six approaches which
were counted in separate time periods. These ratios are
presented in Table 39.
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The lane-to-lane volume comparisons across all obser-
vations (Table 38) demonstrate the high overall accuracy
with which the detector surveillance system can measure
volume. However, the relatively large standard deviations
illustrate the substantial variations in accuracy to be
found among the individual approaches. The 15 -minute
volume ratios, in fact, varied from .3 91 to 3.107. The
stability of the individual approach ratios over time is
indicated in Table 39. The approach links at Wisconsin
Avenue and M Street were relatively stable with differences
in the volume ratios computed for the a.m. and (late) midday
time periods, ranging from 7% to 12%. The ratios of the
Wisconsin Avenue and Garfield Street intersection approaches
were considerably less stable; the differences in the a.m.
and p.m. ratios ranged up to 27%.

A field inspection of several "problem" detectors by
FHWA personnel appeared to indicate that the inaccuracies
were not due to detector malfunctions. The most probable
causes of detector inaccuracy are directly related to
traffic behavior. Since the volume counts are averaged for
all detectors on a link, vehicle movements either into Or
out of the detectorized lane will result in unrealistic
discharge volumes. The field examination of detector opera-
tion showed that vehicles which straddle the lane boundary
can occasionally trip the detectors; this problem could be
expected to occur at locations where the lanes are narrow
or poorly marked (e.g., cross streets along Wisconsin Avenue)

Based on the results of the field study, several detec-
torized approaches which exhibited substantial measurement
errors were eliminated from the set of links used in the
actual evaluation of the first-generation alternatives.
It is interesting to note that during initial tests of the
UTCS evaluation software (described in the preceding chapter)
many of these inaccurate detector links were eliminated by
internal data checking routines.

The average ratios of total approach volumes (from
field counts) to detectorized lane volume (from the surveil-
lance system) are also presented in Table 38 for approaches
with two, three, or four lanes. Although the ratios are
larger for approaches with greater numbers of lanes, the
increases are not proportional. Also, the standard devia-
tions are very high, indicating substantial variations
among the approaches. An examination of the last column
in Table 3 9 illustrates the extreme instability of these
ratios, even for individual approaches, over time. This
instability was the major reason why factors to "weight"
the detector output MOE ' s proved to be impractical; this
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problem was further investigated in the study described in
the following section.

Road Tube Analysis

An extensive program of machine volume counts was
established in a further attempt to develop factors to
expand the lane-specific detector measurements to represent
total approach performance. It was also felt that these
volume counts could be used in the estimation of overall
network traffic demand to permit effective statistical
matching of observations collected several months apart.

Twenty-five locations were selected as being represen-
tative of all intersection approaches in the network and
road tubes were installed at each. Counters were attached
to approximately half of the locations full time and on
alternate weeks at the remaining. The list of road tube
locations together with the associated UTCS detectors is
given in Table 40.

Detectors were located at 23 of the 25 sites. For
comparative purposes, detectors at the next detectorized
intersection downstream were identified for the other two
locations. Of the remaining, two detectors were generally
not functioning during the study. Intermittent failures
were also detected at locations 15 and 25; other malfunc-
tions were suspected but could not be readily identified.

In order to compare road tube and detector readings
under a variety of conditions, data were assembled for each
location for approximately a two-week period at 15-minute
sampling intervals. Detector data were extracted from the
15-minute summary computer tapes and road tube data were
coded directly from the counter tapes . Separate analyses
were conducted for the a.m., midday, and p.m. periods.

A special purpose computer program was written to
extract and match the detector and road tube volumes. A
second program was developed to prepare computer plots for
each location and time of day, and to compute the regres-
sion of the road tube data upon the detectors. The purpose
of the latter exercise was to develop regression coefficients
that could be used to expand detector data to total approach
volumes

.

Unfortunately, the exercise was not overly successful.
At best, about a half dozen locations showed consistent
relationships. An example of this is shown in Figure 24.
Many locations show considerable scatter of points and only
very slight directionality. Figure 25 is a typical example,
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Table 40. Road Tube Locations.

Location

SB Wisconsin @ Macomb

NW Massachusetts @ Wisconsin

NB Wisconsin @ R

SB Wisconsin @ M

EB L @ 18th

EBK @ 20th

WB K @ 16th

NB 14th @ K

NW Pennsylvania @ 20th

WB H § Connecticut

SB 16th @ H

NB 20th @ H

NB 18th @ Pennsylvania

SB 17th @ Pennsylvania

SB Pennsylvania @ 17th

SB 21st @ G

SB 19th @ G

WB G @ 18th

NB 17th @ F

WB E @ 19th

EB E @ 18th

SB 23rd @ C

EB Constitution @ 23rd

EB Constitution @ 21st

WB Constitution @ 17th

* Detector not functioning properly.

(l)No detector; location '226 (SB 19th @ E) used for comparisons
only.

(2) No detector; location 199 (SB 23rd @ Constitution) used for
comparisons only.

Road Tube Detector

1 42

2 20

3 36*

4 11

5 151

6 114

7 158

8 187

9 98

10 171*

11 177

12 99

13 63

14 69

15 68

16 255

17 (1)

18 249

19 242

20 224

21 237

22 (2)

23 198

24 202

25 215
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although some others were even less well identified or
showed negative slopes.

Some of the inconsistency should be anticipated, as
a linear relationship may not hold with increasing volume.
Since the detector is typically in a "preferred" lane, it
will record a greater proportion of total approach flow
under low volume conditions than under high volumes.
Moreover, as the street approaches saturation, the detector
volume will reach a maximum value while the approach vol-
ume may continue to rise, at least over a limited range.
Some of the locations, such as shown in Figure 26, appear
to show this asymptotic effect.

Some discrepancies might also be explained by the nature
of the detector counts. At multiple detector sites, re-
corded values are averages over the two or three detectors
which could, under certain circumstances, produce a count
which is not representative of traffic performance. Lane
changing, parking, buses, construction, and other obstacles
destroy lane discipline and smooth flow. In some cases,
this could give faulty readings on one or more detectors
of a multiple installation. Similarly, detector placement
on narrow streets or locations with poor lane discipline
may yield multi-lane actuations.

However, if a persistent lane blockage existed for a
substantial portion of a 15-minute period, the detector
readings might be quite correctly different than if the
blockage did not occur. If the detectorized lane itself
were blocked, then the readings would be low with respect
to the road tube volumes and, presumably, the actual volumes.
If another normally traveled lane were blocked, then the
detector volumes would record a greater proportion of total
traffic

.

All consistent and "explainable" cases do not, however,
cover all of the observations. In some cases, detector
malfunctions of various kinds were suspected. In addition
to normal failures caused by tubes pulling loose or counters
sticking and data which were eliminated before analysis,
some systematic problems were observed. For example, poor
pavement condition at some locations appeared to cause
counting problems as the tubes were not crossed smoothly.

Therefore, few general conclusions can be drawn from
the analysis. The data collection technique itself, while
far from perfect, does yield results similar to those found
in a preliminary examination involving manual volume counts.
Thus , the problems may relate more to the complexity of
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phenomena and the inability to measure compatible events,
than to any inherent errors or data problems. The questions
are being approached under the on-going project.

The regression summaries were not considered reliable
indicators of the relationship between road tube and detec-
tor readings. A simple computation of the ratio between
the average volumes may be compared to effective available
lanes. Such a comparison is made in Table 41, with sur-
prising agreement among the computed values for the three
time periods and a reasonable "correlation" with number of
lanes

.

Although the ratios listed in Table 41 appear to be
substantially more stable than those examined in the field
investigation described in the preceding section, the varia-
tions between individual count locations suggested that
generalized factors to expand the lane-specific detector
measures of effectiveness were impractical. The variations,
coupled with the relatively poor coverage of the network
by machines, resulted in the use of the volume data provided
by the UTCS surveillance system in the statistical analysis
procedures

.

Measurement of Delay

Stopped time delay data were collected in a traditional
traffic engineering fashion on eastbound Pennsylvania Avenue
at 18th Street during the evaluation of the CIC control
pattern. This data collection effort has been described
more fully in an earlier chapter. The procedure was de-
signed partly as a pilot test to a more extensive stopped
time delay effort which may be proposed for second and third
generation software evaluations.

The data were collected for two primary purposes.
First, the information was to be used in comparing stopped
time delay computing in a traditional traffic engineering
fashion with the average delay measure of effectiveness
produced by the UTCS software. Second, a direct comparison
of the stopped delay values under CIC and its related base
case would provide an additional and independent evaluation
measure, one related directly to microscopic intersection
performance.

The stopped time delay calculations were made and
summarized by 15-minute periods. The observations were then
matched with the average delay from the corresponding UTCS
detector installation for the appropriate 15-minute period.
Separate summaries were then made for the CIC base case and
each of the three time periods: a.m., midday, and p.m.
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Table 41. Road tube/detector volume ratios.

Tube
AM MD PM

Ratio Lanes Ratio Lanes Ratio Lanes

1 1.75 3 1.88 2 1.63
1

2

2 1.97 2+RT 2.00 2+RT 1.91 2+RT

3

4 2.26 2 1.98 1+ 2.33 2

5 3.16 3+ 3.28 3 3.28 3

6 1.84 2 2.36 2 1.84 2

7 2.33 2 2.17 2 1.85 2

8 1.94 2+ LT 1.90 2+LT 1.83 2+LT

9 2.16 2 1.83 2 1.88 3

10

11 1.13 1+ 1.09 1+ 1.24 1+

12 2.76 3 1,48 1+ 1.83 2

13 2.27 4 1.56 2 1.68 2

14 1.96 2+ 1.78 2 2.19 2+

15 1.98 3 1.92 2 2.12 2

16 1.87 2 1.49 1+ 1.75 2

17 3.39 3 2.04 2 1.98 3

18 1.39 2+ 1.30 1+ 1.63 2+

19 1.16 2 1.11 1+ 1.02 1+

20 2.27 3 2.13 2 3.68 4

21 2.27 4 2.09 2 1.92 2

22 2.15 3 2.22 3 2.31 3

23 2.14 3 1,93 3 1.92 3

24 2.52 3+LT 2.20 3+LT 2.22 3+LT

25 3.24 3 3.00 3 3.42 4
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Between 29 and 50 matching values were found for each of
the six comparisons.

Mean values of delay from the detector and field mea-
sures were computed for each of the periods and are sum-
marized in Table 42. As can be seen, the field values are
considerably larger in all cases, ranging from 30% to 80%.
However, the detector values are higher under CIC for all
three time periods, while the field results are higher
only for the p.m. period. This results in the smaller
ratios for CIC.

An attempt was made to compute a correlation coeffi-
cient between the field and detector results. Although the
p.m. and midday periods showed some consistency, the a.m.
showed an almost total lack of correlation. When the a.m.
data were examined in detail, however, a very interesting
pattern emerged. For the earliest time periods (7:15 and
7:30), the detector values are approximately double the
field values. About 8:00, the two values are very similar;
while from 8:15 through 9:30, the field observations are
from two to three times the detector values. Thus, a very
considerable time bias exists in the a.m. data and simple
correlations are meaningless.

A simple comparison of the differences between CIC and
the base case were examined and are summarized in Table 43.
In addition, similar results from the general evaluation
of detector performance and moving car results for the link
in question are shown. The stopped time delay results do
not closely agree with., the findings from the other data
collection procedures.

The differences in magnitude of the delay values do
not in any way suggest that the detector computations are
incorrect. Rather, the measures reflect two different as-
pects of the same phenomenon. However, it is believed that
the results are influenced strongly by the character of the
approach. A relatively heavy left-turning movement exists

The calibration and evaluation detector results are
taken from the same source, with the former consisting
of about one-third to one-half of the points included
in the latter. The rather large differences in the
p.m. results are due to the exclusion of a number of
rather large points for which field data were not
collected. This was partly caused by the fact that the
sample of field data was not uniform across the peak
perid.* 148



Table 42. Stopped time delay from field
observation vs. average daily from detector.

Test Time
Sample
Size

Aypraae Delav
Detector Field Field/Detector

BASE

CIC

AM
MD
PM

AM
MD
PM

33
29
33

50
47
47

12.7
15.1
8.5

14.8
16.6
11.7

22.7
27.2
13.5

19.2
24.2
16.4

1.79
1.69
1.59

1.30
1.46
1.40

Table 42. Percentage differences in delay
under CIC.

Time
Calibration Evaluation

Field Detector Detector Moving Car

AM

MD

PM

16.9

11.7

-19.4

-15.3

- 3.0

-31.7

-12.0

- 2.4

-54.1

0.1

-22.2

-31.2
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which causes considerable delay except in the very early
parts of the a.m. peak. The stopped delay

f
being measured

across all lanes, is highly sensitive to the left-turn
queue. The detector results, and to a lesser degree, the
moving car measurements, reflect only through traffic in
another lane.

The differential impact of the two control alternatives
on left turn performance might explain the differences in
inferences noted in Table 43. If, for example, the signal
offsets under one pattern produced different gaps in the
oncoming traffic, then the left turn delay might be altered
significantly. Also, since the delay measured by the
detectors is imputed largely from speeds and inferred queues,
slight differences in signal progression might yield diffe-
rent results.

In summary, this study, while not highly successful,
points up many of the complications in dealing with traffic
performance measures derived from an automated system. It
also points toward several phenomena that must be considered
in the detector placement study as part of the ongoing work
program.

Measurement of Queue

A special calibration study was performed to assess
the accuracy of the average queue length measure of effec-
tiveness produced by the UTCS surveillance system and sum-
marized by 15-minute period. Detector generated queue
values were compared to field measurements derived from
rooftop photography.

The location selected for analysis was the eastbound
approach on K Street at 20th Street. This location gave
the best field of view for an approach and the most consis-
tent data throughout the study. Queues were measured from
the films in a manner analogous to that used by the UTCS
surveillance system; i.e., vehicle content of "zone counts"
in the detectorized lane (up to the last detector) at the
beginning of the green phase. The cycle-by-cycle counts
were then averaged over 15-minute periods.

The corresponding detector queue counts for matching
15-minute periods were extracted from the summary tapes.
Although 55 matches were initially made, four observations
were subsequently eliminated. Two observations were de-
leted because of traffic disturbances caused by stalled
vehicles; the other two were eliminated because detector
problems in adjacent time periods made the values suspect.
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The queue measurements from the field and detector
sources were averaged across all observations for the a.m.,
midday, and p.m. time periods and the sample as a whole.
These averages are shown in Table 44, together with the
field-to-detector ratios. The overall comparison is quite
good for the a.m. and p.m. periods but rather poor for the
midday. For the latter, nearly every observation showed
higher queue counts from the detector than was measured
from the films.

This finding may be partially explained by the increased
amount of lane changing activity that occurs during the
midday. Since left turns are permitted during this time,
vehicles were frequently observed changing lanes at the
last minute to avoid a left-turning vehicle waiting for an
acceptable gap. The vehicles were thus counted crossing
the two upstream detectors but did not discharge over the
last detector near the stop line and thus caused misleading
queue counts to be generated. During the peak periods,
much smoother flow and less lane changing was observed.

Some additional measurement error may have been intro-
duced due to construction traffic entering the roadway at
mid-link. This traffic could cause perturbations in the
traffic stream leading to improperly inferred queue lengths.
The construction traffic was also observed to swing into
the detectorized lane and cut the middle detector only,
producing additional spurious readings.

Simple correction coefficients were computed for each
of the comparisons. These coefficients were rather low,
with a value of 0.3 2 for the sample as a whole. These
results are partly caused by the small sample sizes used
and partly because of the small values of the measures make
them extremely sensitive to single vehicle measurement
errors

.

A closer examination of the two observations deleted
because of the presence of stalled vehicles also illustrates
the sensitivity of the queue measurement to traffic per-
formance. For the two observations, detector averages of
7 and 8 vehicles, respectively, corresponded to values of
2.2 and 3.0 from the films. Thus, the presence of the
stalled vehicles apparently introduced turbulence in the
traffic stream, reduced speeds over the upstream detectors,
and caused fallaciously large queue values to be inferred.

Finally, the measurement of queue from the detector
produces values that are difficult to interpret for evalua-
tion purposes. High queue values could be generated with
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Table 44. Comparisons of detector and field
measurements of average queue.

Time
Sample Size
(15 minutes)

Average Queue
Detector Field Field/Detector

a.m.

midday

p.m.

Total

11

16

24

51

4.45

4.81

2.50

3.65

4.25

3.39

2.45

3.14

0.95

0.71

0.98

0.86
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good progression and a moving platoon of vehicles in the
detector ized portion of the lane at the start of green.
Similar values , however, could be generated by a standing
queue indicating poor progression. Thus, considerable
care must be taken in evaluating performance using this
measure, and it must be used in conjunction with other
values such as delay.

In summary, this special study indicates that the queue
measurements recorded by the detectors are reasonably accu-
rate in the absence of undue traffic disturbance. The
values appear to be biased upward, however, if appreciable
lane changing occurs along the link, particularly near the
downstream intersection. This is the case at a number of
locations where the approach at the intersection is wider
than for the link as a whole and extra lanes of vehicles
may be formed. The measure must be used with caution as
well in performance evaluation because of its definitional
structure.

Measurement of Speed

Speed was measured in a variety of manners during the
evaluation. The UTCS system produces speed as a measure
of effectiveness, defined as the spot speed over the
detectors. Average speed over an entire link was computed
for the moving car analysis, simply by dividing link length
by overall travel time. A very similar measure was used
in preparing the inputed speeds in the vehicle minutes/
vehicle miles analysis. Although computed only for aggre-
gations of links, the inputed speed on a link basis is
equivalent to dividing the trap length by the travel time
over the trap.

The spot speeds from the detectors are obviously quite
a different measure from a speed computed from total travel
time. Delay time accrued while vehicles are moving is
explicitly included in the latter calculations, while the
spot speeds are much more highly influenced by moving
(especially free-flowing) traffic.

Although the average speed from the moving car runs
and the speed inputed from the vehicle minutes/vehicle miles
analysis are computationally very similar, substantial
difference exists in the areas over which the speeds were
measured, thus profoundly affecting the magnitude of the
results. The inputed speeds are developed solely for the
detectorized portions of the links. Thus, the average
values are prepared only for the most congested portions of
the most important links. The moving car runs, on the other
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hand, reflect speeds over entire links, including the less
congested upstream portions. Moreover, the moving car
results, particularly for Sections 1 and 2, include data
collected on low-delay, non-detectorized links, while the
detector results for the multiple installations are limited
to the most congested approaches.

Thus, the inputed speeds in Table 16 have very low
values. The measures are not, therefore, fully represen-
tative of the overall speeds throughout the various sections,
but rather reflect conditions for the detectorized portions
of the major links included in the surveillance system for
those sections. Overall speeds, to the extent that such
a concept is meaningful, would be much closer to the values
computed for the various arterial streets from the moving
car analysis and would be much higher.

Speeds for individual links may be compared between
the detector spot speeds and the average values from the
moving car runs for those links where both data elements
exist. A summary for 24 typical links is shown in Table
45. This represents over half of the total links for which
data were available and excludes links for which the moving
car travel would necessarily differ substantially from the
detector data due to lane selection. For illustrative
purposes, data for the TRSP base case as used in the evalua-
tion of TOD settings are presented for the a.m. and p.m.
periods.

In many cases, the speeds are surprisingly similar.
These links are usually characterized by relatively uncon-
gested flow so that the spot speeds are representative of
the overall travel performance. In other cases, the moving
car values are less than the detector values, illustrating
the delay component of the former measure. In a few cases,
the moving car values are slightly higher; this result
probably is due primarily to the relatively low sample of
moving car results, although it may also indicate a lane
distribution problem. The detectors are normally placed in
the most critical lane, which usually translates to the
highest volume one, while the moving car runs were made to
simulate "typical" performance.

A few links show extraordinary differences. On west-
bound Constitution Avenue at 2 3rd Street, all of the moving
car runs showing a stop and a very lengthy delay (average
of 46 seconds) , resulting in the very low overall speed of
four mph. This approach has light volume in the morning
and a poor offset. A similar situation exists for eastbound
Pennsylvania Avenue at 19th Street in the evening, where
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Table 45. Link level speed comparisons.

Location Det.

Link
MCAR
Link

AM PM
Det. MCAR Det. MCAR

SB Wise. @ Mass. 25 4-13 22.7 15.6 18.2

NB Wise. @ Garf

.

27 15-11 23.4 12.6 — 17.8

NB Wise. @ Calv. 44 13-11 23.1 21.3 23.0 21.1

SB Wise. @ Calv. 46 8-13 20.8 18.5 22.9 16.1

WB M St. @ Wise. 7 16-24 20.5 15.5 — 8.8

EB M St. @ Wise. 10 3-22 21.9 21.4 — 16.1

EB L St. @ 18th 151 14-40 23.0 21.9 18.0 13.1

EB L St. @ 16th 137 17-40 20.7 16.3 17.0 15.4

WB K St. @ 16th 158 24-40 22.0 19.1 21.1 14.2

EB K St. @ 16th 160 10-30 18.2 20.3 16.9 12.1

WB K St. @ 19th 72 28-40 23.2 24.1 18.3 17.5

EB K St. @ 19th 73 6-30 24.9 23.5 21.4 13.8

EB Penn. @ 19th 89 16-22 22.2 13.1 19.8 7.3

WB Penn. P 18th 62 1-24 20.5 14.6 19.6 11.1

EB Penn. @ 18th 65 17-22 23.7 20.4 23.6 18.3

WB Const. @ 23rd 195 47-40 17.2 4.0 19.1 22.8

WB Const. @ 21st 201 44-40 25.8 26.4 23.5 28.2

SB 19th @ Penn. 90 36-40 16.6 8.9 15.7 10.3

SB 19th @ E St. , N. 226 39-40 23.8 28.5 21.9 19.8

NB 18th @ L St. 149 36-30 18.2 12.7 18.3 12.0

NB 18th @ Penn. 63 32-30 16.3 11.8 17.8 13.7

NB 18th §F St. 252 30-30 20.8 20.3 23.9 20.6

SB 17th @ Penn. 69 41-30 20.9 10.7 16.7 7.3

Note: Data are for TRSP base case.
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the moving car analysis shows that approximately half the
vehicles stop and the average stopped time delay is about
24 seconds.
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SUMMARY AND CONCLUSIONS

INTRODUCTION

This chapter presents a summary of the findings and
conclusions reached during the evaluation of the alternatives
of the UTCS/BPS first-generation traffic control strategy.
The chapter covers two distinct elements, namely, a summary
discussion of the overall findings from the evaluation as
reported in the previous chapter, and a discussion of the
inferences drawn from the methodological, analytical,
and evaluative processes. The former presents an analytical
statement of observations and the latter includes judgments
and analytical inferences as drawn throughout the evaluation
process. The analytical findings are presented in the order
of network-wide, subnetwork link, and special studies. The
inferences are noted in terms of methodology and an inter-
pretation of results.

ANALYTICAL RESULTS

Evaluations of the control alternatives were performed
for a series of measures, derived from several sources,
and summarized at different levels of geographic detail.
Specifically, results were developed from both the detector
MOE * s and from moving car analyses. The detector analyses
were also used in the computation of the global measures of
vehicle minutes and vehicle miles. Evaluations were per-
formed for the entire UTCS/BPS network and its four sections,
by subnetworks (defined in terms of successive links on
specific streets and in other specified ways) , and upon the
measures derived for individual links.

Additional studies were performed for special charac-
teristics of the different control alternatives, particularly
the impact of the BPS alternative on link performance. Com-
parisons of the detector and moving car results were also
made at a hierarchy of levels, to assess the use of the
surveillance system generated measures versus conventional
field measurement techniques. The latter analysis was
developed by conducting a series of special studies focusing
on individual performance measures.

Network-Wide Analyses

Detector data are available for many of the major links
throughout the UTCS/BPS network. These data may be combined
into four specific subnetworks (sections) which were aggregated
provide a network evaluation. The measures computed in this
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way were total vehicle minutes of travel, total vehicle
minutes of delay, total number of stops, and total queue
(actually link content) . A summary of the results for the
UTCS/BPS network, expressed as percentage differences be-
tween each of the four pair-wise comparisons (alternatives
to TRSP) made in the analysis, is shown in Table 46.
Several specific conclusions may be drawn from this table,
which is supported by more detailed data in Tables 2-4 in
the previous chapter. The conclusions are:

. no alternative provided consistently signifi-
cant improvement over the base case (TRSP)

,

. the delay and travel time measures produced
very similar results,

. the queue measure yielded noticeably different
results from the other MOE's; the results were
similar to these for delay in only four of the
12 comparisons and were in direct conflict for
four comparisons.

The similarity between the delay and travel time results,
the apparent inconsistencies with the queue measure (caused
largely by definitional problems) , and the difficulty in
relating stops to field measures, resulted in delay being
selected as the primary measure for all evaluations.
Additional comparisons between alternatives and the base
case (TRSP) are summarized for both the entire network and
the four major control sections in Table 47. Conclusions
which may be drawn from the tables regarding the specific
alternatives include:

. only two alternatives (TOD and BPS) show improve-
ment over TRPS for each time period and those
are for Section 1;

. CIC shows a 0.7% improvement for the a.m.;

. 3-dial is 0.3% better in midday;

. TOD is 2.0% better in the p.m.;

. BPS performance is poorer than TRSP in all
periods, but it is never the poorest alterna-
tive for a given time period.

1. The term "significant" as used here implies an improve-
ment in network-wide performance which is statistically
significant at the 5% level.
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Table 46, Detector analysis - percentage differences
in aggregate MOE's - total network.

Comparison
Time

Period Delay TT Queue Stops

TRSP

vs

3-Dial

a.m.

midday

p.m.

-4.0

0.3

-3.9*

-2.8

0.8

-1.9*

2.4**

5.0***

4 >
7***

0.4

3.9***

-0.3

TRSP

vs

TOD

a.m.

midday

p.m.

-1.8

-2.8*

2.0

-1.1

-2.4**

1.5

0.7

-0.6

1.3

-1.9

-3.6***

1.0

TRSP

VS

CIC

a.m.

midday

p.m.

0.7

-0.5

-2.8***

0.5

-0.2

-2.2**

-3.5

-1.6**

-2.7*

-3.0

-1.2**

-1.8*

TRSP

vs

BPS

a.m.

midday

p.m.
. .

-2.5

-0.8

-0.3

-2.4

-0.6

0.0

-5.4*

-4. 9***

-6.6***

-3.2

-3.5***

-3.5**

* =

** =
*** =

Statistical significance at 5% level.

Statistical significance at 2% level.

Statistical significance at 1% level,

Note: Positive values indicate improved performance of the

alternative over TRSP, i.e., less delay, fewer stops, etc.
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Table 47. Detector analysis - percentage differences in
aggregate delay in section.

Comparison Section

TIME PERIOD

a.m. Midday p.m.

TRSP 1 -1.5 -5.7* -15.3***

vs
2

3

-2.7
-4.0

-6.4***

2.7

-10.3***
- 2.2

3-Dial 4 -5.9 -2.6 - 3.2**

TOTAL -4.0 0.3 - 3.9*

TRSP 1 3.9 4.2 8.8
2 -5.8 -4.6 - 0.7

vs
3 -1.8 -4.2** 1.3

TOD 4 -1.3 3 m
7*** 5.0

TOTAL -1.8 -2.8* 2.0

TRSP 1 6.9 2.2 - 7.6

2 3.3 -4.1 - 2.8***
vs

3 -2.7 -1.0 - 3.1***

CIC 4 4.9 1.5 0.0

TOTAL 0.7 -0.5 - 2.8***

TRSP 1 3.6 6.2*** 4.0

VS
2

3

-5.7
-1.5

-6.8***

0.3

- 5.2**

0.6

BPS 4 -8.6 -5.1* - 3.2

TOTAL -2.5 -0.8 - 0.3

*

**

***

Statistical significance at 5% level.

Statistical significance at 2% level.

Statistical significance at 1% level.

Note: Positive values indicate less delay with alternative.
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. For Section 1 (M Street) , TOD, CIC, and BPS
show improvement over TRSP in all but one
comparison, ranging from 2.2% to 8.8% (these
are the largest improvements in any section)

;

. 3-dial was much poorer for the arterial sections
(Sections 1 and 2) in all periods, ranging from
-1.5% to -15.3% (these were the largest negative
differences in any section)

;

. CIC performed better in Sections 1, 2, and 4

with arterial or dominant grid patterns than
in Section 3 with a more complex and balanced
grid system (for the latter, CIC was from -1.0%
to -3.1% poorer).;

. no statistically significant differences were
found in the a.m. for any alternative and for
any section.

The nature of the moving car data precludes its sum-
marization directly for the network as a whole. Therefore,
the primary evaluations were performed upon the combined
results for the six routes. Four measures of effectiveness:
travel time, delay, number of stops, and average speed were
evaluated. The latter is not an independent measure in
that it is derived from total travel time divided by link
(or route) length. Delay and number of stops were con-
sidered highly susceptible to the performance of individual
drivers and somewhat unstable as evaluation measures.

Total travel time was, therefore, used as the most
representative measure from the moving car analyses. Values
were computed for individual links, consecutive links along
major streets, and the routes as a whole. The latter mea-
sures excluded travel time on links outside the evaluation
area and other links excluded from the analysis but neces-
sary to provide a continuous vehicle path. A summary of
travel time results by route is given in Table 48, from
which the following conclusions may be drawn:

. no alternative showed completely consistent
improvement over TRSP;

. 3-dial performed noticeably poorer than TRSP
along routes 11 and 13 (Wisconsin Avenue) in
all time periods; ranging from -1.3% to -15.3%;

. BPS was almost uniformly poorer than TRSP for
all routes and time periods, the exceptions
being two cases for routes 22 and 24 (M Street)
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Table 48. Moving car analysis - percentage
difference in travel time by route.

Comparison Route

TIME PERIOD

a.m. midday p.m.

TRSP

vs

3-Dial

11

13

22

24

30

40

-8.2**
-1.3
13.3***
-5.1*
-5.9

4.1

-2.1
-7.4
34.8***

6.7
22.4***

-17.4***

-15.3***
-13.1***
-10.2***

6.2
9.4

- 0.7

TRSP

VS

TOD

11

13

22

24

30

40

-0.2

3.3

4.7
4.6
-9.6

-10.2

-1.0

1.9
10.6**
-4.5
9.7***

-7.7*

-1.2

4.9

2.2
2.1**

1.1
-4.7

TRSP

VS

CIC

11

13

22

24

30

40

4.2
7.1*

-4.1
-9.7

-11.2**
-0.5

0.3

4.1
-1.4
-4.3
7.1*

10.5***

4.2
-1.1
-3.5

-29.7
-6.7
-4.4

TRSP

VS

BPS

11

13

22

24

30

40

-2.3**
-1.8
-4.6
-8.1

-14.4
-1.2

-4.6
-5.9

12.4
-3.1

-20.5***
-13.3***

-7.7
-11.5***
-1.2

1.1
-6.8
-5.2

*

**

***

Statistical significance in 5% level.

Statistical significance in 2% level.

Statistical significance in 1% level.

Note: Positive values indicate lower travel time with alternative.
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with improvements of 1,1% and 12.4%;

. CIC performed better in all but one case on
Wisconsin Avenue, ranging from 0.3% to 7.1%
but uniformly poorer for M Street;

. differences tended to be most pronounced in
the midday, ranging from 34.8% to -20.5% and
with the greatest number of differences over
10%;

. the greatest number of statistically signifi-
cant differences (9) occurred with the 3-dial
comparisons

.

Vehicle minutes of travel were computed from the de-
tector data by multiplying the average travel time over the
detectorized section of the link by the measured volume.
These values were then tabulated by link for each compari-
son, differences taken, and results summed for the entire
network, maintaining the values for links with positive
and negative changes separately. The results of this analy-
sis are shown in Table 49, from which the following conclu-
sions may be drawn:

. the total positive and negative differences under
3-dial are much larger than those observed under
the other alternatives, indicating much greater
localized differences;

. the net differences under the 3-dial alternative
are not significantly different from the other
alternatives, indicating a great number of trade-
offs between the 3-dial and TRSP alternatives.

. net savings in the a.m. occurred only under the
CIC alternative.

. net savings in the midday occurred only under
the 3-dial alternative.

. net savings in the p.m. occurred under TOD and
BPS; the former was the largest savings for
any comparison of alternatives.

Vehicle miles of travel were also computed for each
link with multiple detectors by multiplying the observed
volume by the distance from the stop line to the upstream
detector. The vehicle miles were then totaled by section
for the entire network. A derived effective "network-wide"
speed was then computed from the ratio of the vehicle miles
to the vehicle minutes summaries noted above. Values for
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Table 49. Vehicle minutes of travel summary - total network

Comparison
Time
Period

SUM OF LINK DIFFERENCES

Positive Negative Net

TRSP
VS

3-Dial

a.m.

midday
p.m.

952
989
1145

1453
874

1458

-501

+115
-313

TRSP
VS

TOD

a.m.

midday
p.m.

385

282

469

584

595

258

-199

-313

+211

TRSP
VS
CIC

a.m.

midday
p.m.

526
358

372

462
387

711

+ 64
- 29
-339

TRSP
VS

BPS

a.m.

midday
p.m.

420
445
358

733
518
352

-313
- 73

+ 6

Note: Positive values indicate more delay under TRSP and hence
alternative represents improvement.
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the entire network are summarized in Table 50. From this
table, the following may be concluded:

. the low values in this table result from the
computation of an average speed for only the
most congested segments of the heaviest volume
links ;

. the overall range of "network-wide" speeds
was quite small, from 6.21 to 7.38 mph;

. in only two instances was the speed for the
alternative higher than for TRSP, in the
midday for CIC (6.75 versus 6.73) and in the
p.m. for TOD (7.21 versus 7.04);

. BPS showed the most consistently lower speeds
(0.10 to 0.30 mph)

.

Subnetwork Analysis

The detector results were aggregated for links possess-
ing certain similar features. In addition to the sections
discussed above, links were also summarized by cardinal
direction (north, south, east, and west) and were combined
for certain streets. The average delay differences for the
streets showing the greatest sensitivity to the control
alternatives, L Street and 18th Street, are summarized in
Table 51. The following may be concluded from the subnet-
work analysis.

. changes for individual links were much greater
than those for the network as a whole; for example,
L Street differences range from 37.0% to -19.8%;

. tradeoffs were quite evident by subnetwork; 18th
Street was greatly improved under CIC and L
Street was generally worse;

. the greatest differences were observed under the
3-dial alternative;

. the above conclusions generally pertain, as well,
to other subnetworks but are not in as pronounced
a fashion;

. priority given to certain east-west streets,
notably L Street, under TRSP led to generally
poorer relative performance under the other
alternatives, (with the obvious exception of two
periods under 3-dial where optimum settings
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Table 50. Derived average speed from vehicle
miles/vehicle minutes - total network.

Comparison Basis

TIME PERIOD

a.m. midday p.m.

TRSP vs
3-Dial

Base
Test

7.36
7.07

6.80
6-79

7.12
6.96

TRSP vs
TOD

Base
Test

7.38
7.22

6.84
6.67

7.04
7.21

TRSP vs
CIC

Base
Test

6.73
6.75

6.24
6.21

6.61
6.35

TRSP vs
BPS

Base
Test

7.16
6.86

6.52
6.39

6.78
6.68

Note: Values expressed in vehicle-miles per vehicle hour.
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Table 51. Detector analysis - percentage differences
in aggregated delay for most sensitive subnetworks.

Comparison
Time

Period

SUBNETWORK

L Street 18th Street

TRSP
vs

3-Dial

a.m.

midday
p.m.

-12.6**
18.8***
37.0***

-8.4*
-13.7***
14.8***

TRSP
vs
TOD

a.m.

midday
p.m.

-6.0
-5.5
-0.7

-1.4
5.0**

2.8

TRSP
vs
CIC

a.m.

midday
p.m.

-19.8***
-8.3**

0.4

9.6
5.3**

14.4***

TRSP
vs

BPS

a.m.

midday
p.m.

-9.3*
-3.1

8.0

-9.3
-3.3
-2.9

*

**

***

Statistical significance at 5% level.

Statistical significance at 2% level.

Statistical significance at 1% level.

Note: Positive values indicate less delay with alternative,
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had been previously implemented)

.

Subnetworks were also identified as successive links
along major streets of the moving car routes. Aggregate
values of travel time were computed for each street. A
summary for three of the streets showing the greatest dif-
ferences is given in Table 52. The following may be
concluded from the moving car analysis.

. all alternatives except 3-dial performed poorer
for Pennsylvania Avenue with values ranging from
-3,1% to -34.1%;

. BPS results were poorer in all three time periods
for each of the three streets shown, ranging
from -10.3% to -38.3%;

. TOD results were generally poorer (the exception
being 18th Street during midday) , decreases
ranged from -3.1% to -19.0%.

Link Analysis

The results for individual links are not readily subject
to direct interpretation, since so many trade-offs,
representing improvements in one direction against decreases
in another, exist throughout the network. Some simple
conclusions may be reached, however, by examining the
aggregate results of a series of link level comparisons.
For the detector analysis, the following conclusions may
be drawn:

. in the a.m. period under 3-dial, 61 of 95 links
showed statistically different results, compared
with only 22 of 64 links under the "most diffe-
rent" remaining alternative (CIC) . This con-
firms that individual signal settings were sub-
stantially more different under 3-dial than for
any of the computer-generated values;

. the TOD settings produced the fewest number of
statistically different results, ranging from
12 of 97 in the a.m. to 14 of 75 in the midday,
confirming that the TRSP and TOD settings were
very similar;

1. The "timings" are in fact identical, however, the time
of day when a given plan is implemented may be different.
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Table 52. Moving car analysis - percentage difference
in travel time for most sensitive subnetworks.

Comparison
Time
Period

SUBNETWORK

Westbound Pennsylvani
Avenue

.a

L Street
18th

Street

TRSP
vs

3-Dial

a.m.

midday
p.m.

-19.6***
8.0*

8.1

8.5*
-43.4***
29.2***

-3.7
29.8***

7.0

TRSP
vs

TOD

a.m.

midday
p.m.

-3.1
-7.5
-3.8

-10.7
-13.8
-3.3

-19.0

3.2
-7.8

TRSP
vs
CIC

a.m.

midday
p.m.

-24.9
-8.7**

-34.1

-2.8

9.9
-7.6

-9.2

21.0
-6.4

TRSP
vs
BPS

a.m.

midday
p.m.

-18.8
-22.3***
-24.0**

-18.3*
-26.6**

-10.3

-38.3*
-28.1***
-30.9*

**

***

Statistical significance at 5% level.

Statistical significance at 2% level.

Statistical significance at 1% level.

Note: Positive values indicate lower travel time with alternative.
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. the number of links showing statistically worse
results equalled or exceeded the number of links
showing superior results in all but one compari-
son (TOD for p.m.).

Vehicle minutes of travel was computed by individual
detector ized link, as noted above. Statistical tests were
not performed on these data, but differences were computed
and classified as greater, or less than, 10%. Some con-
clusions from this analysis are:

. in only one case (TOD in the p.m.) was the number
of links with 10% or more decrease less than the
number of links with a 10% or more increase;

. the number of links showing 10% or more changes
exceeded the number of links showing a less than
10% change for all comparisons except one under
3-dial

;

. for the other alternatives, in no case did the
number of links showing a 10% or more change
exceed the number of links showing a less than
10% change.

Link level comparisons of statistical significance wore
performed for each of the moving car routes as well. The
following general conclusions may be drawn:

. except for 3-dial the number of statistically
significantly different links are very small
for all time periods, ranging from 11 of 136
under CIC for the midday to 41 of 144 under BPS
for the midday;

. for 3-dial, the number of significantly diffe-
rent links ranges from 48 of 144 to 62 of 144;

. the number of significantly different improved
links overall is not greatly different from the
number of significantly worse links.

Special Studies

The nature of the BPS alternative required that a de-
tailed examination of the impact of bus actuations on link
performance be conducted in addition to the overall evalua-
tions performed for the other alternatives. For this
analysis, each link with a bus detector was classified as
experiencing a high, medium, and low level of bus activity,
based on a summary of the number of actuations from the
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UTCS/BPS detector tapes. Each link was further classifed
as to whether the predominant bus flow was in the peak bus
passenger direction, or in the off-peak direction, i.e.,
the "dead-heading" portion of the bus route. Finally, the
opposing and cross links for each BPS intersection were
identified.

Data for the BPS impact analysis was developed from the
vehicle minutes of delay calculations. These values were
computed in the same way as for vehicle minutes of travel,
noted above, except that average delay rather than average
travel time was used. Various aggregations of the link
level data were then prepared. These comparisons lead to
the following general conclusions:

. links with high BPS activity were improved by
5.8% in the a.m. and 0.5% in the p.m., while
the cross links at these locations were degraded
by 8.3% in the a.m. and 0.8% in the p.m.;

. links with moderate BPS activity were adversely
affected by 10.8% in the a.m. and 4.8% in the
p.m. ;

. in the a.m., buses in the offpeak direction
(dead-heading) produced greater improvements than
buses traveling in the peak direction, with in-
creases of 3.0% at moderately active locations
and 5.0% at high activity locations;

. general degradation was observed in the Wisconsin-
Massachusetts-Garfield triangle area, indicating
adverse BPS impact in areas where offset relation-
ships between intersections are critical;

UTILITY OF DETECTOR MEASUREMENTS

The use of MOE ' s produced by the surveillance system
has a number of advantages over conventional manual data
collection methods and it was considered quite important
to assess the adequacy of the detector MOE * s for discrimi-
nating between the performance of alternatives. Compari-
sons of the statistical inferences drawn at the link level
for locations where both types of data were available
resulted in the following conclusions:

. consistency in terms of a statistical inference
was observed for most of the comparisons, ranging
from 45.6% to 72.2% of all links in the a.m.,
39.5% to 76.5% in the midday, and 39.5% to 81.1%
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in the p.m. with the 3-dial alternative having
by far the poorest match relationship;

. as important, direct conflicts in statistical
inference occurred rarely, (again dominated by
3-dial with values ranging from 7.9% to 10.5%
of all links) only two conflicting links were
observed in total for the comparisons outside
of these for 3-dial;

. the number of links for which the moving car
results were non-significant when the surveil-
lance system showed significant differences
far exceeded the number of cases where the
detector results were non-significant and the
moving car results were significant;

. under all alternatives except 3-dial, the number
of links in agreement were primarily those for
which neither measurement technique showed
significant differences.

A number of special studies were undertaken to further
examine the reliability of the detector measures. In the
first study, manual volume counts were made in the field
and compared with cycle-by-cycle counts taken from the CRT
at the UTCS center. The following general conclusions were
drawn

:

. the ratio of field volume to detectorized lane
volume ranged from 0.8 8 for four-lane approaches
to 0.96 for one-lane approaches;

. the field measured approach volume ranged from
1.76 of the detectorized lane volume for two-lane
approaches to 2.47 for four-lane approaches;

. both ratios varied considerably by time of day
at specific locations which indicates different
lane distributions by time of day.

An additional volume-related study was undertaken,
comparing the data collected from conventional road tubes
to the detectorized lane volumes from the UTCS system. The
following conclusions were drawn from this study:

. variations in the ratio of road tube to detector
volumes appeared closely related to number of
lanes;
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. the changes in lane distribution as links
approached saturation precluded the develop-
ment of simple linear relationships between
detector volume and road tube measured
approach volume.

Another study was performed to compare the overall
delay as recorded by the UTCS detectors with stopped time
delay measured in the field. A conventional stopped time
delay study was undertaken for the eastbound approach of
Pennsylvania Avenue at 18th Street. Data was recorded by
15-minute intervals and compared with detector data for the
same period. The data were also used to compare inter-
section approach performance under the BPS and TRSP alter-
natives during which data were collected. The following
conclusions were drawn:

. the presence of a heavy left-turn volumes
seriously affected the field measurements and
was not correspondingly reflected in the average
delay computed for the detectorized lane;

. the ratio between field observations and de-
tector measurements was lower under CIC

,

perhaps reflecting a difference in offset
which in turn altered the left-turn delays and
gap acceptance characteristics;

. the direct inference to be drawn from the field
data regarding the relative performance of BPS
and TRSP differs from those developed from the
detector moving car analyses. It is believed
that the lane change problem caused this

.

Another special study was undertaken to verify the queue
measure produced by the detectors. This measure, which is
a measurement of the content of the detectorized portion of
the link rather than a standing queue, was validated from
a series of rooftop time-lapse photographs on K Street at
20th Street. The following general conclusions were drawn:

. the link content measurement correlates well in
peak periods when lane discipline is good; the
ratio of field to detector results was 0.95 for
the a.m. and 0.98 for the p.m.;

. the measurement is less reliable in the midday,
probably reflecting lane changing when the
approach is well under capacity and when left
turning vehicles cause perturbations; the ratio
of field to detector values was 0.71.
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Finally, a comparison was made between the spot speeds
recorded by the detectors and the overall speeds from the
moving car runs for those links for which data on both
were available. The following conclusions were drawn:

. for links with little delay and free-flowing
traffic, the speed measurements are very similar;

. for congested links, the moving car speeds,
incorporating a large stopped time component,
are considerably lower than the values com-
puted by the detector-based surveillance system.

INFERENCES FROM EVALUATION PROCESS

The following inferences may be drawn from the evalua-
tion process completed for the alternatives of the first-
generation UTCS/BPS traffic control strategy.

Methodology

The amount of "noise" in a congested urban network,
such as covered by the UTCS/BPS system, makes it very
difficult to identify differences at the level expected
from a control change. For this reason, numerous (32)
travel time runs are required. This is difficult to control
from a pure man-power sense and is costly in terms of
"dollars per data point." The surveillance system data
was statistically significant, at the 5% level, more often
than the moving car data. This is probably directly re-
lated to the fact that the surveillance system provides a
larger data set and each set, theoretically, represents a
100% sample during a 15-minute period while a moving car
is but one vehicle on a link in a given time slice. The
surveillance data and moving car data agreed in implication
much more often than it was in conflict (45-72% versus
8-11%) . It was also apparent that certain of the differ-
ences are related to detector placement and lane usage.
It is expected that the more apparent of these problems
will be corrected before testing the second and third
generation alternatives.

The research team believes, in light of the above,
that future testing should maximize the use of the sur-
veillance data. It is believed that a more complete sample
can be developed in that manner and work done on improving
its characteristics. This would appear to be more cost
effective than the procedure that places equal emphasis
on surveillance and moving car data.

174



It is also felt that the procedures and programs (re-
lated to surveillance data) prepared as part of this project
are a valuable adjunct to the overall UTCS/BPS package.
The programs provide a comprehensive method for processing
the output of the surveillance system to give analytical
informance on performance. To the UTCS/BPS package user,
this offers two specific benefits: (1) he may evaluate the
performance of his system, and (2) the evaluation output
can identify those portions of the network which should be
examined in depth to see if traffic engineering improvements
(both physical and control timing) are practical.

The time periods selected for the tests also raise a
question—in the light of the results found. That is, what
portion of the benefits of the alternatives occur during
the periods observed? This question is particularly of
concern when evaluating the TRSP versus 3-dial alternatives.
Assuming that much of the rationale for implementing a
computer based system is to provide timing plans to closely
fit traffic changes (from several predeveloped plans for
TOD to continuously varying plans under third generation)

,

it would seem that an evaluation limited to those periods
for which the 3-dial plans were designed minimizes the
statement of benefits. Given the apparent fact that the
surveillance system can provide evaluation data, it is
suggested that evaluation which covers 16-18 hours of the
day be considered.

Evaluation

Based on the conclusions reported in the ANALYTICAL
RESULTS section of this chapter, the research team offers
the following observations.

1. The computer-based TRSP alternative generally
matched or exceeded the performance of the 3-dial, TOD,
CIC, and BPS alternatives. The greatest number of points
where statistical differences were observed was the TRSP
versus 3-dial comparison. This is to be expected since
the TOD, CIC, and BPS alternatives all use the same basic
timing plans as TRSP.

2. On a network-wide basis, the differences in per-
formance were relatively small (a +2% to -4% around the
TRSP base) . This small difference may indicate several
items, including:

. Network traffic "noise" in a dense urban area
overshadows the performance of the control
systems

;
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. Evaluation periods need to consider a broader
base of conditions, or

. There was very little difference in the per-
formance of the alternatives.

If the latter point is taken as the sole "proved" item,
an argument could be made that the computer-based alterna-
tives were successful because of the fewer man-hours devoted
to developing the TRANSYT timings for the system.

3. The CIC alternative had the effect of equally
distributing delay on the approaches to a given intersection,
This resulted in conflicting results of the algorithm
when compared on a line-by-link basis. That is, approaches
which had, under TRSP, good offset relationships and low
delay were generally harmed by the CIC algorithm. Those
which were poor, relative to other approaches, were helped
substantially. It would appear that CIC can be used to
equalize delays or help to resolve offset problems at
critical locations. It may also prove to be more useful on
arterials than in grids because of the fewer offset and
capacity conflicts.

4. The Bps algorithm appeared to work well when offset
was not extremely critical for the total traffic movement.
Overall traffic delays were increased only .03 to 2.5 per-
cent, indicating that there was not an extreme penalty paid
by motorists for the bus priority. Buses delays were re-
duced as much as 35% on a given approach and 6% on a given
route. There appears to be a level of bus activity beyond
which the BSP operation would be unstable. The level has
been estimated at 30 to 50 buses per hour. As congestion
at a BPS intersection increases, the effects of the con-
gestion appear to be such that the BPS algorithm should be
switched off (as it is in the present form)

.
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